Precision experiments and fundamental physics at low energies - Part I by Blaum, Klaus et al.
Editorial
Ann. Phys. (Berlin) 00, No. 0, A1–A2 (2013) / DOI 10.1002/andp.201300729
EDITORIAL
Precision experiments and fundamental physics
at low energies – Part I
Klaus Blaum, Holger Mu¨ller, and Nathal Severijns
Precision measurements probing1
nature’s fundamental interactions2
help physicists to address the great3
challenges they face now, such as4
finding and verifying a theory be-5
yond the Standard Model of particle6
physics that might, ultimately, unify7
gravity and quantum mechanics.8
While the energy scale of such theo-9
ries might be out of reach of all but10
the largest colliders, or even beyond11
the reach of any experiment, it is12
possible to probe for suppressed13
effects at low energy scales in ex-14
periments of outstanding precision.15
Such experiments, e.g., probe the16
value of fundamental constants and17
set limits on their time dependence,18
try to understand the dominance19
of matter over antimatter, or search20
for new types of interactions. Pre-21
cision measurements have been22
playing a central role in the shifts of23
paradigms in physics in the twen-24
tieth century and will very likely25
continue to do so.26
In two volumes of Annalen der27
Physik a series of articles will address28
current precision efforts investigat-29
ing fundamental interactions and30
their properties at lowest energies.31
Both volumes will contain review ar-32
ticles with broad or more focused33
topical overviews, as well as a se-34
ries of original papers reporting35
on new experimental or technical36
progress from recent and ongoing37
experiments.38
Review articles in this volume39
focus mainly on fundamental con-40
stants and symmetry tests. The last41
decade has witnessed significant42
progress in the precision of the uni-43
tarity test of the Cabibbo-Kobayashi-44
Maskawa quark-mixing matrix. The45
precision of both the Vud and Vus46
matrix elements has improved due47
to new and more precise measure-48
ments as well as important theoret-49
ical progress in nuclear and kaon50
decays, respectively. Further im-51
provements, leading to a gain of52
another factor of about two in the53
unitarity test might be possible54
in the foreseeable future, thereby55
further improving the sensitivity56
to new physics, not included in57
the Standard Model (J. Hardy, I. S.58
Towner, pp. 443–451). Penning traps59
will continue to play an important60
role in this respect as is illustrated by61
recent results with the TITAN Pen-62
ning trap mass spectrometer (A. A.63
Kwiatkowski et al., pp. 529–537).64
Among the fundamental con-65
stants of Nature the fine structure66
constant, α, has a particular status,67
being the corner stone of quan-68
tum electrodynamics but also as69
a keystone for the determination70
of other fundamental physical71
constants. State of the art atomic72
physics methods to determine the73
fine structure constant are reviewed74
and discussed, together with the75
opportunity to provide a precise76
value of the ratio h/mu between77
the Planck constant and the atomic78
mass constant (R. Bouchendira79
et al., pp. 484–492). New quantum-80
mechanical calculations show that81
microwave and sub-millimeter82
molecular transition frequencies83
for a number of molecules which84
are usually observed in astronom-85
ical sources exhibit a very high86
sensitivity to the value of the fine87
structure constant, but also to88
the electron-to-proton mass ratio89
(M. G. Kozlov and S. A. Levshakov,90
pp. 452–471). This offers unique91
possibilities to test space- and92
time-invariance of fundamental93
constants by comparing precise94
laboratory measurements of the95
molecular rest frequencies and96
their astronomical counterparts,97
which could lead to astrophysi-98
cal tests of Einstein’s Equivalence99
Principle at an unprecedented100
level of sensitivity. Another unique101
laboratory to investigate the fine102
structure constant, as well as other103
fundamental quantities such as,104
e.g., the atomic mass of the elec-105
tron are highly charged ions, and106
in particular the simple systems107
formed by hydrogen-like ions (S. G.108
Karshenboim, pp. 472–483). In these,109
the bound electrons are subjected110
to extreme fields which generate111
a number of interesting features.112
High precision is achieved by con-113
finement of the ions in Penning114
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traps allowing specific manipulation115
and measurement techniques to116
be applied (M. Vogel and W. Quint,117
pp. 505–513). Finally, an improved118
determination of two other funda-119
mental constants, i.e. the Rydberg120
constant and the 1S Lamb shift,121
is now possible through the pre-122
cise determination of the 1S-3S123
and 1S-3D two-photon transitions124
in atomic hydrogen, which is re-125
ported using direct frequency-comb126
spectroscopy in a Doppler-free127
arrangement (E. Peters et al., pp.128
L29-L34). In addition, this could129
shed light on the current discrep-130
ancy in the determination of the131
proton charge radius.132
Over the last few years experi-133
ments with antimatter at the AD fa-134
cility at CERN have provided impor-135
tant new physics results. These allow136
for different new tests of the symme-137
try of the Standard Model under the138
combined CPT operation (Charge139
conjugation, Parity and Time re-140
versal) through comparisons of141
properties of particles and corre-142
sponding antiparticles, such as the143
magnetic moment of the proton and144
the antiproton, or the hydrogen and145
anti-hydrogen ground state hyper-146
fine splitting (Y. Yamazaki and S.147
Ulmer, pp. 493–504). In the context148
of tests of very general and basic149
principles, experimental sensitivity,150
systematic effects and initial data151
searching for a long-range coupling152
between rubidium nuclear spins153
and the mass of the Earth are fi-154
nally reported as well (D. F. Jackson155
Kimball et al., pp. 514–528).156
In the second volume additional157
reviews and results from dedicated158
efforts to study fundamental con-159
stants, to test basic symmetries of160
the Standard Model and search for161
new physics, will be reported: e.g.162
nuclear beta decay and neutron de-163
cay provide unique opportunities to164
search for new weak interactions165
providing results that are comple-166
mentary to and compete in sensi-167
tivity with direct searches for new168
bosons at the LHC. Also neutrinos169
constitute unique probes to study170
different fundamental physics as-171
pects via either laboratory or os-172
cillation experiments or even via173
neutrino astronomy. Finally, many174
experiments are focusing lately on175
testing either the parity or CP sym-176
metry of the weak interaction in177
atomic systems or via electric dipole178
moment searches, as well as CPT179
symmetry or Lorentz invariance.180
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The Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing ma-
trix is a central pillar of the Electroweak Standard Model.
The elements of the matrix must be determined from ex-
periment, but the Model requires the matrix itself to be uni-
tary. Any deviation from unitarity would signal the presence
of “new physics” beyond the Standard Model, so tests of
CKM unitarity have attracted considerable attention. Cur-
rently the most precise test is of the normalization of the
top row, which has now reached a precision of 0.06% based
on measurements of superallowed 0+→ 0+ nuclear β de-
cay and of kaon semileptonic and leptonic decays. This work
overviews the status of the normalization tests and specu-
lates on likely future improvements.
1 Introduction
The Cabibbo-Kobayashi-Maskawa (CKM) matrix is a
central pillar of the Electroweak Standard Model. Its
origins are with the pioneering 1963 work of Cabibbo
[1], who reconciled the concept of vector-current uni-
versality with the recently observed difference between
strangeness changing and strangeness non-changing
weak decays by proposing that universality was man-
ifest only if one considered the total strength of both
the strangeness changing and non-changing decays. In
modern terminology we would say that he was the first to
realize that there was mixing between the first two gener-
ation of quarks. Ten years later, Kobayashi and Maskawa
[2], who were faced with the puzzle of CP violation,
demonstrated that it could only be explained by the ex-
istence of a third generation of quarks with many more
mixing possibilities. They argued that the quark-mass
eigenstates are not the same as the weak-interaction
eigenstates, but are related by a 3×3 unitary rotation ma-
trix – the CKM matrix.
By convention, the three quarks with charge 2/3 (u,
c and t) are unmixed and all the mixing is expressed in
terms of the CKM matrix operating on the quarks with
charge -1/3 (d, s and b):
⎛
⎝
d ′
s ′
b ′
⎞
⎠ =
⎛
⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
⎞
⎠
⎛
⎝
d
s
b
⎞
⎠ . (1)
The Standard Model itself does not prescribe the ele-
ments of the CKM matrix – they have to be determined
experimentally – but the Standard Model does insist that
the matrix be unitary. This requirement can be tested
if the elements of the matrix can be individually mea-
sured with sufficient precision. Should the result violate
the matrix’s unitarity, then that would be very exciting.
It would indicate that the Standard Model is flawed, or
approximate, and that some “new physics” must be in-
jected. To date there is no evidence for this. Neverthe-
less unitarity tests continue to be pursued with ever-
increasing precision since they provide limits on any
possible new physics, and these limits themselves yield
interesting conclusions.
There are two types of tests for CKM unitarity:
 Test the orthogonality of rows and columns:
∑
k
VikV
†
kj =
∑
k
V †ikVkj = 0 i = j. (2)
It is difficult to achieve high precision with this type
of test since six elements are involved, from all three
quark generations. Though it is currently a very ac-
tive field of research, the results cannot yet match the
precision achieved by normalization tests. We will not
pursue such tests any further here.
 Test the normalization of rows and columns:
∑
k
VikV
†
ki =
∑
k
|Vik|2 = 1,
∑
i
V †ki Vik =
∑
i
|Vik|2 = 1. (3)
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For the first row or first column, this normalization
test is made much easier by the realization that the
contribution from the third-generation member is
negligibly small, so only two matrix elements must
be determined precisely. To date, the best precision
is obtained in the top-row test
|Vud|2 + |Vus |2 + |Vub|2 = 1. (4)
In this article, we will concentrate on the top-row nor-
malization test beginning with a discussion of the deter-
mination of Vud from nuclear beta decay.
2 Measurements of superallowed β decay
For the past decade at least, the most precise value for
the top left element of the CKM matrix, Vud, has been ob-
tained from measurements of β-decay between nuclear
states with (J π , T) = (0+, 1). This type of “superallowed”
transition offers a powerful simplicity: Because the axial
current cannot contribute to transitions between spin-0
states, only the vector current is involved. Consequently,
the measured strength of the transition – its “ft value” –
relates directly to the fundamental vector coupling con-
stant GV; so, according to the Conserved Vector Current
(CVC) hypothesis, the measured ft values should be the
same for all such transitions regardless of their specific
host nuclei.
In practice, the expression for the ft value of a super-
allowed transition must incorporate several small cor-
rection terms, which account for radiative and isospin
symmetry-breaking effects, both to be discussed in more
detail in the next section. It is convenient to combine
some of these terms with the ft value and define a “cor-
rected” Ft value, which we write [3]
Ft ≡ ft(1 + δ′R)(1 + δNS − δC ) =
K
2G2V
(
1 + VR
) , (5)
where K /(c)6 = 2π3 ln 2/(mec2)5 = 8120.2787(11) ×
10−10 GeV−4s, δC is the isospin-symmetry-breaking cor-
rection and VR is the transition-independent part of the
radiative correction. The terms δ′R and δNS comprise the
transition-dependent part of the radiative correction,
the former being a function only of the electron’s energy
and the Z of the daughter nucleus, while the latter, like
δC , depends in its evaluation on the details of the nuclear
structure of the parent and daughter states. All these
correction terms are small, of order 1% or less, with
uncertainties at least an order of magnitude smaller than
that, so equation (5) provides an experimental method
for determining GV to better than a part in a thousand.
This result can then yield a value for Vud with the same
precision since Vud = GV/G F , where G F is the well
known [4] weak-interaction constant for purely leptonic
muon decay.
Experimentally, the ft value that characterizes a su-
perallowed transition – or any β transition for that mat-
ter – is determined from three measured quantities: the
total transition energy, QEC , the half-life, t1/2, of the par-
ent state, and the branching ratio, R, for the particular
transition of interest. The QEC -value is required to de-
termine the phase-space integral, f , while the half-life
and branching ratio combine to yield the partial half-
life, t. In a 2009 survey of world data [3], the ft values of
thirteen superallowed transitions in nuclei ranging from
10C to 74Rb were obtained with high precision. Although
some more measurements have been published since
that time, the overall outcome is unchanged.
The 2009 survey included the results from more than
150 independent measurements with comparable pre-
cision of the three properties, QEC , t1/2 and R, for all
thirteen superallowed transitions. Thus, on average, each
quantity has been independently determined four times.
This is a very robust data set. An overview of the results
is presented in Fig. 1, where the three measured prop-
erties for each transition appear in the top three panels,
and the corresponding ft and Ft values are in the bot-
tom two panels. They are plotted against the Z values of
the daughter nuclei. The ft and Ft values also appear nu-
merically in Table 1. It is striking to see in the figure that
the three experimental quantities change over orders of
magnitude in the span from Z = 5 to Z = 36, yet the ft
values change by less than 3%, and the final corrected
Ft values are all consistent with a single constant hav-
ing ±0.03% precision. This, in itself, is convincing proof
that CVC is satisfied and that GV can be reliably extracted
from the data.
As will be explained in the next section, the correc-
tion terms applied to obtain Ft are based on criteria that
are completely independent of these results so, in ad-
dition to confirming CVC, the results in Fig. 1 strongly
support the validity of these correction terms since their
presence in the Ft values completely removes the ves-
tigial transition-to-transition variations evident in the ft
values.
3 Theoretical corrections to superallowed β
decay
3.1 Radiative corrections
In a beta-decay half-life experiment, the rate measured
includes not only the bare decay but also radiative decay
processes, in which for example the beta particle emits
2 C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.ann-phys.org
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Figure 1 Results from the recent survey [3] of 13 preciselymeasured
superallowed β transitions between (J π , T )= (0+, 1) states. The
parents of these transitions, from left to right, are 10C, 14O, 22Mg,
26Alm, 34Cl, 34Ar, 38Km, 42Sc, 46V, 50Mn, 54Co, 62Ga and 74Rb. The
top three panels present the average of measured QEC , log t1/2
and log R values for each transition. The bottom two panels give
the corresponding ft and Ft values. The shaded horizontal line in
the bottom panel represents the overall average Ft value for all
transitions. All error bars are shown: in the cases where none are
visible, they are smaller than the data point.
a bremsstrahlung photon. Since it is just the half-life for
the bare beta-decay process that is required for the ft
value, the measured result needs to be amended with a
calculated radiative correction, RC:
t → t(1 + RC). (6)
In such a calculation it is necessary to consider not just
bremsstrahlung but also the exchange of virtual photons
and Z-bosons. To order α, the fine-structure constant,
the principal graphs are one-photon bremsstrahlung, the
γ W-box and ZW-box diagrams. At low energies there
is an infrared divergence in the bremsstrahlung process
that is cancelled by a corresponding divergence in the
γW-box graph. For these reasons it is convenient to sep-
arate the contributions from these graphs into contribu-
tions at low energies (long distances) from those at high
Table 1 Experimentally determined ft values and
corresponding derivedFt values. From ref. [3].
Nucleus ft (s) Ft (s)
10C 3041.7(43) 3076.7(46)
14O 3042.3(27) 3071.5(33)
22Mg 3052.0(72) 3078.0(74)
26Alm 3036.9(9) 3072.4(14)
34Cl 3049.4(12) 3070.6(21)
34Ar 3052.7(82) 3069.6(85)
38Km 3051.9(10) 3072.5(24)
42Sc 3047.7(14) 3072.4(27)
46V 3049.5(9) 3073.3(27)
50Mn 3048.4(12) 3070.9(28)
54Co 3050.8(15) 3069.9(33)
62Ga 3074.1(15) 3071.5(72)
74Rb 3084.9(78) 3078(13)
energies (short distances):
(1 + RC) → (1 + δR)
(
1 + VR
)
. (7)
The short-distance correction, VR, includes the ZW-
box and the high-energy part of the γW-box diagrams
and is evaluated by ignoring the hadronic structure and
using free-quark Lagrangians. This contribution there-
fore is universal, being independent of which nucleus
is involved in the beta decay. The current value, from
Marciano and Sirlin [5], is
VR = (2.361 ± 0.038)%. (8)
The long-distance correction, δR, includes the
bremsstrahlung and low-energy part of the γW-box dia-
gram and requires a model calculation of the hadronic
structure. Also included in δR are contributions of order
Zα2 and Z2α3 in which the electron in the γW-box and
bremsstrahlung diagrams is allowed to interact with
the Coulomb field of the nucleus. If in the evaluation
of the box graphs, it is assumed that the γN-vertex and
WN-vertex are both with the same nucleon N, then
the box graph, like the bremsstrahlung graph, becomes
proportional to the Fermi matrix element. This means
these contributions are independent of nuclear struc-
ture, depending only trivially on the nucleus involved
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3www.ann-phys.org
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Table 2 Calculated radiative corrections δ′R and δNS in percent
units. From ref. [6].
Nucleus δ′R (%) δN S (%)
Neutron 1.4902(2) 0.0
10C 1.679(4) −0.345(35)
14O 1.543(8) −0.245(50)
22Mg 1.466(17) −0.225(20)
26Alm 1.478(20) 0.005(20)
34Cl 1.443(32) −0.085(15)
34Ar 1.412(35) −0.180(15)
38Km 1.440(39) −0.100(15)
42Sc 1.453(47) 0.035(20)
46V 1.445(54) −0.035(10)
50Mn 1.445(62) −0.040(10)
54Co 1.443(71) −0.035(10)
62Ga 1.459(87) −0.045(20)
74Rb 1.50(12) −0.075(30)
through its total charge Z and the energy of the electron
emitted.
By contrast, in the γW-box graph, if the γ - and W-
interactions are with different nucleons in the nucleus,
then the evaluation involves two-nucleon operators, ne-
cessitating a nuclear-structure calculation. It is conve-
nient therefore to separate δR into two pieces:
(1 + δR) → (1 + δ′R)(1 + δNS), (9)
where δ′R depends only trivially on the nucleus involved,
while δNS requires a nuclear-structure calculation.
Further details on the calculation of δ′R and δNS are
given in ref. [6]. In Table 2 we give current values of δ′R
and δNS for the neutron and 13 superallowed transitions
of interest.
3.2 Isospin-symmetry breaking
A central tenet of the Standard Model is the Conserved
Vector Current (CVC) hypothesis. It asserts that the cou-
pling constant governing the strength of a vector weak
interaction is not renormalized by the hadronic envi-
ronment. Thus, irrespective of which nucleus is under
study with superallowed beta decay, the coupling con-
Table 3 Five recent sets of δC calculations from model
approaches labelled DFT, RHF-RPA, RH-RPA, SM-HF and SM-WS
(see text). Also given is the chi square per degree of freedom,
χ2/nd, from the confidence test proposed in Ref. [15].
δC (%)
Nucleus DFT RHF-RPA RH-RPA SM-HF SM-WS
10C 0.462(65) 0.082 0.150 0.225(36) 0.175(18)
14O 0.480(48) 0.114 0.197 0.310(36) 0.330(25)
22Mg 0.432(49) 0.260(56) 0.380(22)
26Alm 0.307(62) 0.139 0.198 0.440(51) 0.310(18)
34Cl 0.234 0.307 0.695(56) 0.650(46)
34Ar 1.08(42) 0.268 0.376 0.540(61) 0.665(56)
38Km 0.278 0.371 0.745(63) 0.655(59)
42Sc 0.70(32) 0.333 0.448 0.640(56) 0.665(56)
46V 0.375(96) 0.600(63) 0.620(63)
50Mn 0.39(13) 0.620(59) 0.655(54)
54Co 0.51(20) 0.319 0.393 0.685(63) 0.770(67)
62Ga 1.21(17) 1.48(21)
74Rb 0.90(22) 1.088 1.258 1.42(17) 1.63(31)
χ2/nd 1.9 2.7 2.1 2.2 0.4
stant GV should remain the same. This tenet, however,
is only true in the limit of isospin symmetry. In nuclei,
the Coulomb interaction among protons, for example,
breaks this symmetry. Thus to be able to test, or use, the
constancy of GV it is necessary first to have an estimate of
the degree of isospin-symmetry breaking that occurs in
the nuclei under study. The symmetry breaking is char-
acterized as a reduction in the square of the Fermi matrix
element
|MF |2 =
∣∣M0F
∣∣2(1 − δC ), (10)
where |M0F |2 is the symmetry-limit value of the Fermi ma-
trix element squared, and δC is the correction to it.
Over the years there have been many computations
of δC by various authors using a diverse set of nuclear
models [3, 6–14]. We have selected five sets from these
works to display in Table 3. Two of the sets use the nu-
clear shell model to account for configuration mixing,
and a mean field – taken to be either a phenomenolog-
ical Woods-Saxon potential (SM-WS) or a Hartree-Fock
computed potential (SM-HF) – to account for the radial
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mismatch of proton and neutron single-particle wave
functions caused by Coulomb polarization. These results
by Towner and Hardy [3, 6] are considered to be semi-
phenomenological in that a number of isospin-specific
nuclear properties have been fitted in their derivation:
viz., the different proton and neutron separation en-
ergies in the parents and daughters respectively, and
the b- and c-coefficients in the isobaric multiplet mass
equation (IMME) for each T=1 multiplet that includes a
parent and daughter state.
Alternative models do not lend themselves to local
phenomenological constraints. One, by Sagawa et al. [9]
and improved upon by Liang et al. [10], treats the even-
even nucleus of the parent-daughter pair as a core,
and the analog odd-odd nucleus as a particle-hole ex-
citation built on that core. The particle-hole calcula-
tion is carried out in the charge-exchange random-phase
approximation (RPA). The more recent work [10] re-
places zero-range interactions with finite-range meson-
exchange potentials and a relativistic rather than nonrel-
ativistic treatment (RHF-RPA) is used. In a variation of
this approach, density-dependent meson-nucleon ver-
tices were introduced in a Hartree (only) computation
with nonlocal interactions (RH-RPA).
Most recently, Satula et al. [14] used an isospin- and
angular-momentum-projected density functional theory
(DFT). This method accounts for spontaneous symme-
try breaking, configuration mixing and the long-range
Coulomb polarization effects.
The five sets of δC values in Table 3 show a wide vari-
ation. It would be useful if some yardstick were available
to distinguish the quality of one set relative to another.
Towner and Hardy [15] proposed such a test using the
premise that the CVC hypothesis is valid. The require-
ment is that a calculated set of δC values should produce
a statistically consistent set of Ft values, the average of
which we can write as Ft. Then Eq. (5) can be written for
each individual transition in the set as
δC = 1 + δNS − Ft
f t
(
1 + δ′R
) . (11)
For any set of corrections to be acceptable, the calcu-
lated value of δC for each superallowed transition must
satisfy this equation where ft is the measured result for
that transition and Ft has the same value for all of them.
Thus to test a set of δC values for n superallowed transi-
tions, one can treat Ft as a single adjustable parameter
and use it to bring the n results for the right hand side of
Eq. (11), which are based predominantly on experiment,
into the best possible agreement with the corresponding
n calculated values of δC . The normalized χ2, minimized
by this process, then provides a figure of merit for that set
of calculations, The χ2 for each fit, expressed as χ2/nd,
where nd = n − 1 is the number of degrees of freedom, is
given in the last row of Table 3.
The most obvious outcome of this analysis is that the
model, SM-WS, has a χ2 smaller by a factor of five than
the other four cases cited. For this reason the SM-WS δC
values are used in the determination of the CKM matrix
element, Vud. However, the other cases can be used for
establishing an error assignment on this analysis.
4 Results for Vud
The consistency of the Ft values (and consequently GV)
obtained from the 13 measured superallowed 0+→ 0+
β transitions (see Sec. 2) is a crucially important result.
Without consistency, there is no coupling “constant” and
there can be no justification for extracting a value of Vud.
With consistency demonstrated, however, Vud can be re-
liably obtained from the following equation [16]:
|Vud|2 = K
2G2F
(
1 + VR
)Ft =
2915.64 ± 1.08
Ft , (12)
where GF/(c)
3 = 1.1663787(6) × 10−5 GeV−2 [4] and
Ft is the average measured Ft value. Taking Ft =
3071.81(83) s from the 2009 survey [3], we arrive at |Vud|
= 0.97425(22), a value with 0.02% precision.
This result is certainly the most precise current de-
termination of Vud, but superallowed 0+→ 0+ β decay is
not the only experimental approach to Vud. Neutron de-
cay, nuclear T = 1/2 mirror decays, and pion beta decay
have all been used for this purpose. Though these other
methods cannot as yet compete with 0+→ 0+ decays for
precision, they can lend useful confirmation to the more
precise result.
Neutron β decay has one important advantage to
offer: Its analysis does not require the application of
corrections for isospin-symmetry breaking (δC ) or for
nuclear-structure-dependent radiative effects (δNS). But
it also has big disadvantages: neutrons are notoriously
difficult to confine; and their decay is not restricted to the
vector weak interaction, as are the 0+→ 0+ decays. The
axial-vector current is also present so, in addition to its
ft value, some other parameter, usually the β asymmetry
from the decay of polarized neutrons, must be measured
to determine the ratio of the vector to axial-vector contri-
butions. These experimental challenges have so far lim-
ited the achievable precision and, indeed, have at times
led to completely inconsistent results. Even as of 2012,
when the world average value for the neutron lifetime is
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τ = 880.4(10) s [4, 17] and for λ ≡ g A/g V is −1.2731(20)
[4, 18, 19], both have normalized χ2 values well above
unity, 2.7 for the former and 4.1 for the latter, which
have caused their uncertainties to be enlarged. Together,
these results yield a value for |Vud| of 0.97520(140), which
agrees with the superallowed result but has an uncer-
tainty more than six times larger.
The nuclear T = 1/2 mirror decays, like neutron de-
cay, also require an additional correlation measure-
ment to sort the weak vector contribution from the
axial-vector one. However, unlike neutron decay, they
provide no simplification in avoiding the nuclear-
structure-dependent corrections, δC and δNS. A recent
analysis of the five measured mirror transitions [20],
which incorporated δC and δNS corrections, yielded |Vud|
= 0.97190(170), a result that is only slightly less precise
that the neutron result and is consistent within 1.2 com-
bined standard deviations with the value obtained from
the superallowed 0+→ 0+ decays.
Finally, pion β decay should, in principle, be the best
way to determine Vud. It is a pure vector decay between
two spin-zero members of an isospin triplet and is there-
fore analogous to the superallowed decays, but is un-
contaminated by nuclear-structure uncertainties. Unfor-
tunately, in practice the branching ratio is very small
(∼10−8) and difficult to measure with sufficient preci-
sion. The most recent, and best, measurement is by the
PIBETA group [21], whose result corresponds to a value
for |Vud| of 0.97420(260) [16].
The results from all four types of measurement are
plotted in Fig. 2. Obviously they are consistent with
one another but, because the nuclear 0+→ 0+ value is
so much more precise, it dominates the average. Fur-
thermore, it is the most secure result, its value having
changed little in the past two decades except for a steady
(and significant) improvement in its uncertainty (see
Fig. 6 in Ref. [3]). Thus we continue our practice [16] of
adopting the 0+→ 0+ result as the recommended value,
namely
|Vud| = 0.97425(22), (13)
while noting that the results from the other measure-
ment techniques are entirely consistent with this value.
5 Vus and Vub
The top row CKM matrix element Vus is best determined
from kaon semi-leptonic decays, K3, of both charged
and neutral kaons, and from the purely leptonic de-
cay of the kaon, the most important mode being K + →
Figure 2 The four values for Vud discussed in the text are shown
in the top panel, the grey band being the average value. The four
panels at the bottom of the figure show the error budgets for
each result. The three contributors to the uncertainties – experi-
ment, radiative correction and nuclear correction – are separately
identified.
μ+ν. Other determinations from hyperon decays and
hadronic tau decays do not have the precision at the
present time to challenge the results from kaon decays
and therefore will not be considered here.
The experimental inputs for the determination of Vus
are the rates – lifetimes and branching ratios – and the
form factors required for the phase space integration.
The best current value, presented at the CIPANP12 work-
shop [22] is
f+(0)|Vus | = 0.2163(5). (14)
Here f+(0) is the semi-leptonic decay form factor at zero-
momentum transfer. Its value is close to unity. In fact,
the CVC hypothesis in the exact SU(3) symmetry limit es-
tablishes its value to be exactly one. But SU(3) symme-
try is broken to some extent and a theoretical calcula-
tion is required to estimate the departure of f+(0) from
unity. Today, lattice QCD calculations are used for this
purpose, replacing the former semi-analytic approaches
based on chiral perturbation theory. Two groups work-
ing on the classification and averaging of results from lat-
tice QCD [23, 24] have joined their efforts, forming the
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Flavor Lattice Average Group (FLAG-2) to provide recom-
mended values for these form factors [25]. For f+(0) their
recommended value, after symmetrizing the uncertainty,
is f+(0) = 0.959(5), yielding
|Vus | = 0.2254(13). (15)
An independent determination of Vus can be obtained
from the purely leptonic decay of the kaon. Further, if it is
considered as a ratio with the leptonic decay of the pion,
π+ → μ+ν, the hadronic uncertainties can be minimized
and the result yields the ratio of the CKM matrix elements
|Vus |/|Vud|. In the analysis of the FlaviaNet group [26], the
current result is
|Vus |
|Vud| ×
fK
fπ
= 0.2758(5). (16)
The most recent FLAG-2 average of the four published
determinations of the decay constants fK / fπ in lattice
QCD is fK / fπ = 1.193(5) [25]. More significant is a new
calculation of a correction to the ratio of experimen-
tally determined decay rates, (K ±μ2)/(π
±
μ2) for isospin-
symmetry breaking [27] that nearly doubles the formerly-
used correction. The resulting value for |Vus |/|Vud| re-
ported at the CIPANP12 workshop [22] is
|Vus |
|Vud| = 0.2317(11). (17)
Thus, we now have three pieces of data – |Vud| from
nuclear decays, Eq. (13), |Vus | from K3 decays, Eq. (15),
and the ratio |Vus |/|Vud| from K2 decays, Eq. (17) – from
which to determine two parameters |Vud| and |Vus |. An
unconstrained fit does not change the input value of |Vud|
and yields for |Vus | our final selection
|Vus | = 0.2256(8). (18)
The third element of the top row of the CKM matrix,
Vub, is very small and hardly impacts on the unitarity test
at all. Its value from the 2012 PDG compliation [4] is
|Vub| = (4.15 ± 0.49) × 10−3. (19)
6 CKM unitarity tests
We can test the unitarity of the CKM matrix by evaluating
the sum of squares of the measured elements in any one
of the rows or columns of the matrix, and then compar-
ing the result with unity. We have set the stage for test-
ing the top row elements by individually examining the
results for Vud, Vus and Vub. Now, combining the results
from Eqs. (13), (18) and (19), we obtain the result
|Vud|2 + |Vus |2 + |Vub|2 = 1.00008 ± 0.00056, (20)
a result that shows unitarity to be fully satisfied to a pre-
cision of 0.06%. Only Vus and Vud contribute perceptibly
to the uncertainty and their contributions to it are al-
most equal. This may seem surprising since Vud is known
to much higher relative precision than Vus , but it follows
from the fact that |Vud|2 contributes 95% to the unitarity
sum itself.
No other row or column approaches this precision
on a unitarity test. The first column comes closest, with
|Vud|2 + |Vcd|2 + |Vtd|2 = 1.0021(51) [4], but this is a fac-
tor of ten less precise than the top-row sum. The corre-
sponding sums for the second row and second column
are another order of magnitude less precise. Without
question the top row sum provides the most demand-
ing test of CKM unitarity, Vud is its dominant contributor,
and superallowed 0+→ 0+ β decay is effectively the sole
experimental source for the value of Vud.
7 Outcome from unitarity tests
The unitarity sum established in Eq. (20) can be used to
set limits on new physics beyond the Standard Model
in two ways: (i) directly, via a new semi-leptonic inter-
action (e.g. right-hand currents) and (ii) indirectly, via
loop-graph contributions to the radiative correction (e.g.
extra Z-bosons). One example of each type is discussed
in some detail in Sect. 9 of Ref. [16]. Here we just update
the results given there for the current unitarity sum.
First, for right-hand currents, we write
1.00008 ± 0.00056 = 1 + 2aLR
aLR = 0.00004 ± 0.00028. (21)
Here aLR is the amplitude for a semi-leptonic weak in-
teraction with left-hand couplings in the lepton sector
and right-hand couplings in the hadron sector. Clearly,
the result in Eq. (21) is consistent with no right-hand cur-
rents.
Second, for extra Z-bosons, we write
1.00008 ± 0.00056 = 1 − , (22)
yielding the one-standard deviation limits on  of
−0.00064 ≤  ≤ +0.00048. (23)
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Marciano and Sirlin [28] relate  to the mass of the extra
Z boson via
 = −0.00455 ln x
x − 1
x = mZ2χ/m2W. (24)
Here mZχ is the mass of the extra Z-boson contributing
to the radiative correction and mW the W-boson mass.
Noting that the correction  is negative, we obtain from
the lower limit in Eq. (23)
ln x
x − 1 ≤ 0.14, (25)
and
mZχ > 390 GeV. (26)
The confidence level is 68%. This limit is slightly weaker
than the limit of 460 GeV given in [15] as the lower limit
on  in Eq. (23) has been increased slightly through a
more recent revision in the Vus value (see Section 5). Im-
pressive though this limit remains, somewhat higher lim-
its have been obtained in direct searches at proton and
electron colliders, as described in the survey of Erler and
Langacker [29] in the 2012 PDG listings.
8 Future prospects
The CKM unitarity sum tests a key premise of the Stan-
dard Model so the limits of its uncertainty set bound-
aries on the scope of possible new physics that may exist
beyond the Standard Model. The opportunity to expose
new physics, or to further limit the possible scope of new
physics, together provide ample motivation to push for
still tighter uncertainties on the unitarity sum. What are
the prospects for achieving that goal?
As of 2012, after a concentrated effort, the mea-
surements on K3 decays have arrived at the value for
|Vus | f+(0) in Eq. (14), which has a relative uncertainty of
about ±0.2%. However, the lattice QCD estimate for the
form factor, f+(0), has a much larger ±0.5% uncertainty,
so it dominates the uncertainty on |Vus |. While little im-
provement in the experimental result is anticipated in
the near future [22], Van de Water [30] predicts that the
uncertainty on the lattice calculation will be decreased
to 0.2% in 2014 and to 0.1% by 2020. Thus, we can an-
ticipate an improvement in the uncertainty of |Vus | by a
factor of 2 in the near future and perhaps by a bit more in
five or ten years.
The error budget for the determination of |Vud| is sim-
ilarly dominated by uncertainties in the theoretical cor-
rection terms. Of the total 0.023% uncertainty on |Vud| as
derived from the superallowed 0+→ 0+ decays, 0.018% is
contributed by the uncertainty associated with the radia-
tive correction VR and 0.010% comes from the nuclear-
structure-dependent corrections, δC − δNS. Only 0.008%
can be considered experimental in origin. This error bud-
get is illustrated in the lower left panel of Fig. 2.
It is also instructive to observe that the VR uncertainty
is the same size in the middle two lower panels of Fig. 2 as
well. Thus, even if the experimental uncertainties can be
reduced dramatically for neutron decay or for the mir-
ror decays, the overall uncertainty on |Vud| will be lim-
ited to about the same value by VR. For pion decay, in the
bottom right panel, the uncertainty in VR is less than for
the other types of measurement, but there is no appar-
ent path to experimental error bars that are reduced by
the factor of 20 needed for the result to have an impact
on |Vud|.
Any improvement in VR is a problem for theory and,
unfortunately, we are not aware of any attempts cur-
rently underway to reduce its uncertainty.
In the meantime some small improvement in |Vud|
can be obtained from a reduction in the uncertainty as-
sociated with the nuclear-structure-dependent correc-
tions, δC − δNS. As already discussed in Sec. 3.2, there
is considerable activity in this area on the theoretical
side. However, experiment can also play an important
role too: Every set of nuclear-structure-dependent cor-
rections can be tested by being applied to the uncor-
rected experimental ft values to obtain a set of Ft values,
which can then be evaluated for the consistency required
by CVC (see Eq. (11) and Table 3). The more precisely the
ft values have been measured, the more discriminating
this test can be; and if new superallowed transitions with
larger predicted nuclear corrections can be measured,
the test will be improved still more.
Measurements with reduced uncertainties are reg-
ularly being reported for the thirteen previously mea-
sured transitions, which are listed in Tables 2 and 3.
Additionally, it is to be anticipated that at least three
new superallowed 0+→ 0+ transitions – from 26Si, 34Ar
and 38Ca – which all have relatively large predicted nu-
clear corrections, will be fully characterized within two or
three years. Together, these improvements and additions
should serve to reduce the overall uncertainty attributed
to |Vud| by 15%.
Considering anticipated improvements to both Vud
and Vus , the uncertainty on the unitarity sum will likely
be dropped from ±0.00060 to ±0.00040 in the next few
years. If the uncertainty on VR could also be reduced by,
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say, a factor of two, then the unitarity uncertainty would
become even less, ±0.00030. This reduction would of
course improve the limits given in Section 7: for example,
with the limits −0.00030 ≤  ≤ +0.00030, the limit on
the extra Z boson mass would become mZχ > 650 GeV,
which is comparable to the limits from direct searches.
This is likely the extent of improvements for the fore-
seeable future.
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Microwave and submillimeter molecular transition frequen-
cies between nearly degenerated rotational levels, tunnel-
ing transitions, and mixed tunneling-rotational transitions
show an extremely high sensitivity to the values of the fine-
structure constant, α, and the electron-to-proton mass ra-
tio,μ. This review summarizes the theoretical background
on quantum-mechanical calculations of the sensitivity co-
efficients of such transitions to tiny changes in α andμ for
a number of molecules which are usually observed in Galac-
tic and extragalactic sources, and discusses the possibility
of testing the space- and time-invariance of fundamental
constants through comparison between precise laboratory
measurements of the molecular rest frequencies and their
astronomical counterparts. In particular, diatomic radicals
CH, OH, NH+, and a linear polyatomic radical C3H in elec-
tronic ground state, polyatomic molecules NH3, ND3, NH2D,
NHD2, H2O2, H3O+, CH3OH, and CH3NH2 in their tunneling
and tunneling-rotational modes are considered. It is shown
that sensitivity coefficients strongly depend on the quan-
tum numbers of the corresponding transitions. This can be
used for astrophysical tests of Einstein’s Equivalence Princi-
ple all over the Universe at an unprecedented level of sensi-
tivity of∼10−9, which is a limit three to two orders of mag-
nitude lower as compared to the current constraints on cos-
mological variations of α andμ:α/α < 10−6,μ/μ <
10−7.
1 Introduction
The fundamental laws of particle physics, in our cur-
rent understanding, depend on 28 constants including
the gravitational constant, G, the mass, me, and charge,
e, of the electron, the masses of six quarks, mu, md, mc,
ms, mt, and mb, the Planck constant, , the Sommer-
feld constant α, the coupling constants of the weak, gw,
and strong, gs, interactions, etc. The numerical values
of these constants are not calculated within the Stan-
dard Model and remain, as Feynman wrote about the fine
structure constant α in 1985, “one of the greatest myster-
ies of physics” [1]. However, it is natural to ask whether
these constants are really constants, or whether they
vary with the age of the universe, or over astronomical
distances.
The idea that the fundamental constants may vary on
the cosmological time scale has been discussing in dif-
ferent forms since 1937, when Milne and Dirac argued
about possible variations of the Newton constant G dur-
ing the lifetime of the universe [2, 3]. Over the past few
decades, there have been extensive searches for persua-
sive evidences of the variation of physical constants. So
far, there was found no one of them. The current lim-
its for dimensionless constants such as the fine structure
constant, α = e2/c, and the electron to proton mass ra-
tio, μ = me/mp, obtained in laboratory experiments and
from the Oklo natural reactor are on the order of one part
in 1015 − 1017 [4–6] and one part in 1014 − 1016 [7–9] per
year, respectively. The detailed discussion of ideas be-
hind laboratory experiments can be found in a review
[10].
Assuming that the constants are linearly depen-
dent on the cosmic time, the same order of magni-
tude constraints on the fractional changes in α/α =
(αobs − αlab)/αlab and in μ/μ = (μobs − μlab)/μlab are
stemming from astronomical observations of extragalac-
tic objects at redshifts z ∼ 1 − 5 [11–15]. Less stringent
constraints at a percent level have been obtained from
the cosmic microwave background (CMB) at z ∼ 103
[16–18] and big bang nucleosynthesis (BBN) at z ∼ 1010
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[19,20]. We note that space and/or time dependence of α
based on optical spectra of quasars and discussed in the
literature [21, and references therein] is still controver-
sial and probably caused by systematic effects since in-
dependent radio-astronomical observations, which are
more sensitive, show only null results for both α/α and
μ/μ [22, 23].
Surprisingly, it looks as if the Einstein heuristic prin-
ciple of local position invariance (LPI) — the outcome of
any local non-gravitational experiment is independent of
where and when in the universe it is performed — is valid
all over the universe, i.e., at the level of ∼10−6 neither α
no μ deviate from their terrestrial values for the passed
1010 yr. In the Milky Way, it was also found no statistically
significant deviations of μ/μ from zero at even more
deeper level of ∼10−8 [24–26].
However, the violation of the LPI was predicted in
some theoretical models such as, for example, the the-
ory of superstrings which considers time variations of α,
gw, and the QCD scale QCD (i.e., μ since mp ∝ QCD)
and thereby opening a new window on physics be-
yond the Standard Model [27, and references therein]. If
the fundamental constants are found to be changing in
space and time, then they are not absolute but dynam-
ical quantities which follow some deeper physical laws
that have to be understood. Already present upper limits
on the variation of the fundamental constants put very
strong constraints on the theories beyond the Standard
Model [28, and references therein]. This motivates the
need for more precise laboratory and astronomical tests
of the LPI. Of course, there are also other attempts to look
for the new physics. For example the electric dipole mo-
ments (EDMs) of the elementary particles are very sen-
sitive to the different extensions of the Standard Model.
Present limit on the EDM of the electron significantly
constrains supersymmetrical models and other theories
[29, 30].
In this review we will consider tests of LPI which
are based on the analysis of microwave and submil-
limeter1 astronomical spectra and which are essen-
tially more sensitive to small variations in α and μ
than the test based on optical spectral observations of
quasars.
1 The frequency range 1 GHz≤ ν ≤ 300GHz is usually referred to as
amicrowave range.Molecular transitions below 1 GHz (wavelength
λ > 30 cm) are from a low-frequency rangewhich is restricted by
the ionospheric cut-off at 10MHz (λ = 30m).
2 Differential measurements of α/α and
μ/μ from atomic and molecular spectra
of cosmic objects
Speaking about stable matter, as, for example, atoms and
molecules, we have only seven physical constants that
describe their spectra [31]:
G,QCD, α, me, mu, md, ms.
The QCD scale parameter QCD and the masses of the
light quarks u, d, and s contribute to the nucleon mass
mp (with QCD  mu + md + ms) and, thus, the electron-
to-proton mass ratio μ is a physical constant character-
izing the strength of electroweak interaction in terms of
the strong interaction.
In the nonrelativistic limit and for an infinitely heavy
pointlike nucleus all atomic transition frequencies are
proportional to the Rydberg constant, R, and the ratios of
atomic frequencies do not depend on any fundamental
constants. Relativistic effects cause corrections to atomic
energy, which can be expanded in powers of α2 and α2 Z2,
the leading term being α2 Z2 R, where Z is atomic num-
ber. Corrections accounting for the finite nuclear mass
are proportional to Rμ/Z, but for atoms they are much
smaller than relativistic corrections.
Astronomical differential measurements of the di-
mensionless constants α and μ are based on the com-
parison of the line centers in the absorption/emission
spectra of cosmic objects and the corresponding labora-
tory values. It follows that the uncertainties of the labora-
tory rest frequencies and the line centers in astronomical
spectra are the prime concern of such measurements. It
is easy to estimate the natural bounds set by these uncer-
tainties on the values of α/α and μ/μ.
Consider the dependence of an atomic frequency ω
on α in the comoving reference frame of a distant object
located at redshift z [32, 33]:
ωz = ω + qx + O(x2), x ≡ (αz/α)2 − 1. (1)
Here ω and ωz are the frequencies corresponding to the
present-day value of α and to a change α → αz at a red-
shift z. In this relation, the so-called q factor is an indi-
vidual parameter for each atomic transition.
If αz 
= α, the quantity x in (1) differs from zero and
the corresponding frequency shift ω = ωz − ω is given
by
ω
ω
= Q α
α
, (2)
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where Q = 2q/ω is the dimensionless sensitivity coeffi-
cient and α = (αz − α)/α is the fractional change in α.
Here we assume that |α/α|  1. The condition αz 
= α
leads to a change in the apparent redshift of the distant
object z = z˜ − z:
ω
ω
= − z
1 + z ≡
v
c
, (3)
where v is the Doppler radial velocity shift.
If ω′ is the observed frequency from the distant object,
then the true redshift is given by
1 + z = ωz
ω′
, (4)
whereas the shifted (apparent) value is
1 + z˜ = ω
ω′
. (5)
Now, if we have two lines of the same element with the
apparent redshifts z˜1 and z˜2 and the corresponding sen-
sitivity coefficients Q1 and Q2, then
Q
α
α
= z˜1 − z˜2
1 + z =
v
c
. (6)
Here v = v1 − v2 is the difference of the measured ra-
dial velocities of these lines, and Q = Q2 − Q1 is the
corresponding difference between their sensitivity coef-
ficients. By comparing the apparent redshifts of two lines
with different sensitivity coefficients Q we can study vari-
ation of α on a cosmological timescale.
Unfortunately, optical and UV transitions of atoms
and molecules are not very sensitive to changes in α and
μ. The sensitivity coefficients of atomic resonance tran-
sitions of usually observed in quasar spectra chemical el-
ements (C, N, O, Na, Mg, Al, Si, S, Ca, Ti, Cr, Mn, Fe, Co,
Ni, Zn) are very small, Q ∼ (αZ)2  1 [34]. The same or-
der of magnitude sensitivity coefficients to μ variations
have been calculated for the UV transitions in the Lyman
and Werner bands of molecular hydrogen H2 [35–37],
and for the UV transitions in the 4th positive band sys-
tem A1 − X1	+ of carbon monoxide CO [38].
Small values of Q and Q put tough constraints
on optical methods to probe α/α and μ/μ. Let
us consider an example of Fe ii lines arising from
the ground state 3d6(5 D)4s. In quasar spectra we ob-
serve 7 resonance transitions ranging from 1608 A˚ to
2600 A˚ with both signs sensitivity coefficients: Qλ1608 =
−0.0322, Qλ1611 = +0.0502, and Q  +0.08 for transi-
tions with λ > 2000 A˚ [39, note a factor of two difference
in the definition of the coefficients Q with the present
work]. This gives us the maximum value of Q  0.11
which is known with an error of ∼30%. From (6) it fol-
lows that a variance of α/α ∼ 10−5 would induce a ve-
locity offset v  0.3 km s−1 between the 1608 A˚ line
and any of the line with λ > 2000 A˚. We may neglect un-
certainties of the rest frame wavelengths since they are
∼0.02 km s−1 [40]. If both iron line centers are measured
in quasar spectra with the same error σv, then the error of
the offset v is σv =
√
2σv. The error σv is a statistical
estimate of the uncertainty of v, and, hence, it should
be less than the absolute value of v. This gives us the
following inequality to adjust parameters of spectral ob-
servations required to probe α/α at a given level:
σv <
Q√
2
α
α
c . (7)
At α/α ∼ 10−5, the required position accuracy should
be σv <∼ 0.25 km s−1. A typical error of the line cen-
ter of an unsaturated absorption line in quasar spectra
is about 1/10th of the pixel size (the wavelength inter-
val between pixels) [41]. Current observations with the
UV-Visual Echelle Spectrograph (UVES) at the ESO Very
Large Telescope (VLT) provide a pixel size λpix ∼ 0.05 −
0.06 A˚, i.e., at λ ∼ 5000 A˚ the expected error σv should be
∼0.3 km s−1, which is comparable to the velocity offset
due to a fractional change in α at the level of 10−5. Such a
critical relationship between the ‘signal’ (expected veloc-
ity offset v) and the error σv hampers measuring α/α
at the level of ∼ 10−5 from any absorption system taking
into account all imperfections of the spectrograph and
the data reduction procedure. Systematic errors exceed-
ing 0.5 km s−1 are known to be typical for the wavelength
calibration in both the VLT/UVES and Keck/HIRES spec-
trographs [12,42–44]. At this level of the systematic errors
an estimate of α/α from any individual absorption-line
system must be considered as an upper limit but not a
‘signal’. Otherwise, a formal statistical analysis of such
values may lead to unphysical results (examples can be
found in the literature).
The UV molecular spectra of H2 and CO observed at
high redshifts in the optical wavelength band encounter
with similar difficulties and restrictions. The maximum
difference between the sensitivity coefficients in case of
H2 is Q ∼ 0.06, the rest frame wavelength uncertainties
are negligible, ∼5 × 10−9 [45], and with the current spec-
tral facilities at giant telescopes it is hard to get estimates
of μ/μ at a level deeper than 10−5. For carbon monox-
ide such measurements have not been done so far but
the expected limit on μ/μ should be >∼10−5 since CO
lines are much weaker than H2 [46] and therefore their
line centers are less certain. The analogue of Eq. (6) for
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the μ-estimation from a pair of molecular lines is [47]:
μ
μ
= v
cQ
= v1 − v2
c(Q2 − Q1) , (8)
and for a given level of μ/μ, molecular line centers
should be measured with an error
σv <
Q√
2
μ
μ
c . (9)
This means that at μ/μ ∼ 10−5, the required position
accuracy should be σv <∼ 0.13 km s−1, or the pixel size
λpix <∼ 0.017 A˚ at 4000 A˚. This requirement was realized
in the VLT/UVES observations of the quasar Q0347–383
[48] where a limit on μ/μ of (4.3 ± 7.2) × 10−6 was set.
At present the only way to probe variation of the
fundamental constants on the cosmological timescale
at a level deeper than 10−5 is to switch from optical to
far infrared and microwave bands. In the microwave, or
submillimeter range there are a good deal of molecular
transitions arising in Galactic and extragalactic sources.
Electronic, vibrational, and rotational energies in molec-
ular spectra are scaled as Eel : Evib : Erot = 1 : μ1/2 : μ. In
other words, the sensitivity coefficients for pure vibra-
tional and rotational transitions are equal to Qμ = 0.5
and Qμ = 1, respectively. Besides, molecules have fine
and hyperfine structures, -doubling, hindered rotation,
accidental degeneracy between narrow close-lying levels
of different types, which have a specific dependence on
the physical constants. The advantage of radio observa-
tions is that some of these molecular transitions are ap-
proximately 100–1000 times more sensitive to variations
of μ and/or α than optical and UV transitions.
In the far infrared waveband also lie atomic fine-
structure transitions, which have sensitivity to α-
variation Qα ≈ 2 [49]. We can combine observations
of these lines and rotational molecular transitions to
probe a combination F = α2/μ [50]. Besides, radio-
astronomical observations allow us to measure emission
lines from molecular clouds in the Milky Way with an
extremely high spectral resolution (channel width ∼0.02
km s−1) leading to stringent constraints at the level of
∼10−9 [24]. The level 10−9 is a natural limit for radio-
astronomical observations since it requires the rest fre-
quencies of molecular transitions to be known with an
accuracy better than 100 Hz. At the moment only ammo-
nia inversion transitions and 18 cm OH -doublet tran-
sitions have been measured in the laboratory with such a
high accuracy [51, 52].
In the next sections we consider in more detail the
sensitivities of different types of molecular transitions
to changes in α and μ. We are mainly dealing with
molecular lines observed in microwave and submillime-
ter ranges in the interstellar medium, but a few low-
frequency transitions with high sensitivities are also in-
cluded in our analysis just to extend the list of possible
targets for future studies at the next generation of large
telescopes for low-frequency radio astronomy.
3 Diatomic radicals in the ground state: CH,
OH, and NH+
We start our analysis of the microwave spectra of
molecules from the simplest systems — diatomic
molecules with nonzero projection of the electronic an-
gular momentum L on the molecular axis. Several such
molecules are observed in the interstellar medium. Here
we will mostly focus on the two most abundant species
— CH and OH. Recently it was realized that -doublet
transitions in these molecules have high sensitivity to the
variation of both α and μ [53–55]. There are also several
relatively low frequency transitions between rotational
levels of the ground state doublet 1/2 and 3/2 with sen-
sitivities, which are significantly different from the typi-
cal rotational ones [56]. Then we will briefly discuss the
NH+ radical2, which is interesting because it has very low
lying excited electronic state 4	−. This leads to an addi-
tional enhancement of the dimensionless sensitivity co-
efficients Q [58]. The latter are defined as follows:
ω
ω
= Qα α
α
+ Qμ μ
μ
. (10)
3.1 -doubling and-doubling
Consider electronic state with nonzero projection  of
the orbital angular momentum on the molecular axis.
The spin-orbit interaction couples electron spin S to the
molecular axis, its projection being 	. To a first approxi-
mation the spin-orbit interaction is reduced to the form
Hso = A	. Total electronic angular momentum J e =
L + S has projection  on the axis,  =  + 	. For a
particular case of  = 1 and S = 12 we have two states
1/2 and 3/2 and the energy difference between them
is: E(3/2) − E(1/2) = A.
Rotational energy of the molecule is described by the
Hamiltonian:
2 NH+ has not yet been detected in space, its fractional abundance
in star-forming regions is estimated N(NH+)/N(H2) <∼ 4 × 10−10
[57].
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Hrot = B( J − J e)2 (11a)
= B J 2 − 2B(JJe) + B J 2e , (11b)
where B is the rotational constant and J is the total angu-
lar momentum of the molecule. The first term in expres-
sion (11b) describes conventional rotational spectrum.
The last term is constant for a given electronic state and
can be added to the electronic energy.3 The second term
describes -doubling and is known as the Coriolis inter-
action HCor.
If we neglect the Coriolis interaction, the eigen-
vectors of Hamiltonian (11) have definite projections
M and  of the molecular angular momentum J on
the laboratory axis and on the molecular axis respec-
tively. In this approximation the states |J , M,,	,〉
and |J , M,−,−	,−〉 are degenerate, E J ,± = B J (J +
1). The Coriolis interaction couples these states and re-
moves degeneracy. New eigenstates are the states of def-
inite parity p = ±1 [59]:
|J , M,, p〉 = (|J , M,〉 + p(−1)J −S|J , M,−〉)/
√
2.
(12)
The operator HCor can only change quantum number 
by one, so the coupling of states |〉 and |−〉 takes place
in the 2 order of the perturbation theory in HCor.
The -doubling for the state 1/2 happens already in
the first order in the Coriolis interaction, but has addi-
tional smallness from the spin-orbit mixing. The opera-
tor HCor can not directly mix degenerate |,	,〉 states
|1,− 12 , 12 〉 and |−1, 12 ,− 12 〉 because it requires changing 
by two. Therefore, we need to consider spin-orbit mixing
of the  and 	 states:
∣∣∣∣ =
1
2
〉
=
∣∣∣∣1,−
1
2
,
1
2
〉
+ ζ
∣∣∣∣0,
1
2
,
1
2
〉
, (13)
where
ζ ∼ A/(E − E	), (14)
and then
〈
 = 1
2
∣∣∣∣HCor
∣∣∣∣ = −
1
2
〉
= 2ζ B
(
J + 1
2
)
〈 = 1|Lx| = 0〉.
(15)
3 Note that this term contributes to the separation between the
states1/2 and3/2. This becomes particularly important for
lightmolecules, where the constant A is small.
Note that ζ depends on the non-diagonal matrix element
(ME) of the spin-orbit interaction and Eq. (14) is only
an order of magnitude estimate. It is important, though,
that non-diagonal and diagonal MEs have similar depen-
dence on fundamental constants. We conclude that -
splitting for the 1/2 level must scale as AB J /(E − E	).
The -doubling for 3/2 state takes place in the third
order in the Coriolis interaction. Here HCor has to mix
first states 3/2 with 1/2 and −3/2 with −1/2 before
ME (15) can be used. Therefore, the splitting scales as
B3 J 3/[A(E − E	)].
The above consideration corresponds to the coupling
case a, when |A|  B. In the opposite limit the states 1/2
and 3/2 are strongly mixed by the Coriolis interaction
and spin S decouples from the molecular axis (coupling
case b). As a result, the quantum numbers 	 and  are
not defined and we only have one quantum number  =
±1. The -splitting takes place now in the second order
in the Coriolis interaction via intermediate 	 states. The
scaling here is obviously of the form B2 J 2/(E − E	).
Note that in contrast to the previous case |A|  B, the
splitting here is independent on A.
We can now use found scalings of the - and -
doublings to determine sensitivity coefficients (10). We
only need to recall that in atomic units A ∝ α2 and B ∝ μ.
We conclude that for the case a the -doubling spectrum
has following sensitivity coefficients:
State 21/2 : Qα = 2 , Qμ = 1 , (16a)
State 23/2 : Qα = −2 , Qμ = 3 . (16b)
For the case b, when S is completely decoupled from the
axis, the -doubling spectrum has following sensitivity
coefficients:
State  : Qα = 0 , Qμ = 2 . (16c)
When constant A is slightly larger than B, the spin S
is coupled to the axis only for lower rotational levels. As
rotational energy grows with J and becomes larger than
the splitting between states 1/2 and 3/2, the spin de-
couples from the axis. Consequently, the -doubling is
transformed into -doubling. Equations (16) show that
this can cause significant changes in sensitivity coef-
ficients. The spin-orbit constant A can be either posi-
tive (CH molecule), or negative (OH). The sign of the
-doubling depends on the sign of A, while -doubling
does not depend on A at all. Therefore, decoupling of the
spin can change the sign of the splitting. In Sec. 3.2 we
will see that this can lead to a dramatic enhancement of
the sensitivity to the variation of fundamental constants.
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3.2 Intermediate coupling
The -doubling for the intermediate coupling was stud-
ied in detail in many papers, including [63–65] (see also
the book [59]). Here we use the effective Hamiltonian
Heff from [63] in the subspace of the levels 
±
1/2 and 
±
3/2,
where upper sign corresponds to the parity p in Eq. (12).
The operator Heff includes spin-rotational and hyperfine
parts
Heff = Hsr + Hhf . (17)
Neglecting third order terms in the Coriolis and spin-
orbit interactions, we get the following simplified form
of the spin-rotational part:
〈
1/2, J , p | Hsr|1/2, J , p
〉 = −1
2
A + B
(
J + 1
2
)2
(18a)
+ p(S1 + S2)(2J + 1) ,
〈
3/2, J , p | Hsr|3/2, J , p
〉 = + 1
2
A + B
(
J + 1
2
)2
− 2B ,
(18b)
〈
3/2, J , p | Hsr|1/2, J , p
〉 =
[
B + pS2
(
J + 1
2
)]
(18c)
×
√(
J − 1
2
)(
J + 3
2
)
.
Here in addition to the parameters A and B we
have two parameters which appear in the second or-
der of perturbation theory via intermediate state(s) 	1/2.
The parameter S1 corresponds to the cross term of the
perturbation theory in the spin-orbit and Coriolis inter-
actions, while the parameter S2 is quadratic in the Cori-
olis interaction. Because of this S1 scales as α2μ and S2
scales as μ2. It is easy to see that the Hamiltonian Hsr de-
scribes limiting cases |A|  B and |A|  B considered in
Sec. 3.1.
The hyperfine part of the effective Hamiltonian is de-
fined in the lowest order of perturbation theory and has
the form:
〈1/2, J , p|Hhf|1/2, J , p〉 = CF [2a − b − c + p(2J + 1)d],
(19a)
〈
3/2, J , p|Hhf|3/2, J , p
〉 = 3CF [2a + b + c] , (19b)
〈
3/2, J , p | Hhf|1/2, J , p
〉 = −CF
√
(2J − 1)(2J + 3) b ,
CF ≡ [F (F + 1) − J (J + 1) (19c)
− I (I + 1)][8J (J + 1)]−1 .
Here we assume that only one nucleus has spin and in-
clude only magnetic dipole hyperfine interaction.
The effective Hamiltonian described by Eqs. (18, 19)
has 8 parameters. We use NIST values [60] for the fine
structure splitting A, rotational constant B, and mag-
netic hyperfine constants a, b, c, d. Remaining two pa-
rameters S1 and S2 are found by minimizing the rms devi-
ation between theoretical and experimental -doubling
spectra.
In order to find sensitivity coefficients Qα we cal-
culate transition frequencies for two values of α =
α0 ± δ near its physical value α0 = 1/137.035999679(94).
The similar procedure is applied to Qμ at the phys-
ical value of the electron-to-proton mass ratio, μ0 =
1/1836.15267247(80). We use scaling rules discussed
above to recalculate parameters of the effective Hamilto-
nian for different values of fundamental constants. Then
we use numerical differentiation to find respective sensi-
tivity coefficient.
3.3 Sensitivity coefficients for-doublet transitions
in CH and OH
In Ref. [55], the method described in the previous section
was applied to 16OH, 12CH, 7Li16O, 14N16O, and 15N16O.
The molecules CH and NO have ground state 21/2 (A >
0), while OH and LiO have ground state 23/2 (A < 0).
The ratio |A/B| changes from 2 for CH molecule [66], to
7 for OH [67], and to almost a hundred for LiO and NO.
Therefore, LiO and NO definitely belong to the coupling
case a. For OH molecule we can expect transition from
case a for lower rotational states to case b for higher ones.
Finally, for CH we expect intermediate coupling for lower
rotational states and coupling case b for higher states.
Let us see how this scheme works in practice for the
effective Hamiltonian (18, 19). Figure 1 demonstrates
J -dependence of the sensitivity coefficients for CH and
OH molecules. Both of them have only one nuclear spin
I = 12 . For a given quantum number J , each -doublet
transition has four hyperfine components: two strong
transitions with F = 0 and F = J ± 12 (for J = 12 there
is only one transition with F = 1) and two weaker transi-
tions with F = ±1. The hyperfine structure for OH and
CH molecules is rather small and sensitivity coefficients
for all hyperfine components are very close. Because of
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A
B
Figure 1 Sensitivity coefficients Qα and Qμ for -doublet lines
with F = 0 in CH and OH. The difference between lines with
F = J + 12 and F = J − 12 is too small to be seen. For the state
3/2 of OH the values for J = 92 are too large to be shown on the
plot. They are listed in Table 1.
that Fig. 1 presents only averaged values for strong tran-
sitions with F = 0.
We see that for large values of J the sensitivity coef-
ficients for both molecules approach limit (16c) of the
coupling case b. The opposite limits (16a, 16b) are not
reached for either molecule even for smallest values of
J . So, we conclude that the coupling case a is not real-
ized. It is interesting that in Fig. 1 the curves for the lower
states are smooth, while for upper states there are singu-
larities. For CH molecule this singularity takes place for
the state 3/2 near the lowest possible value J = 3/2. A
singularity for OH molecule takes place for the state 1/2
near J = 9/2.
These singularities appear because -splitting turns
to zero. As we saw above, the sign of the splitting for the
coupling case a depends on the sign of the constant A.
The same sign determines which state 1/2, or 3/2 lies
higher. As a result, for the lower state the sign of the split-
ting is the same for both limiting cases, but decoupling
of the electron spin S for the upper state leads to the
change of sign of the splitting. Of course, these singular-
ities are most interesting for our purposes, as they lead
to large sensitivity coefficients which strongly depend on
the quantum numbers. Note, that when the frequency of
the transition is small, it becomes sensitive to the hyper-
fine part of the Hamiltonian and the sensitivity coeffi-
cients for hyperfine components may differ significantly.
The sensitivity coefficients of all hyperfine components
of such -lines are given in Table 1. We can see that near
the singularities all sensitivity coefficients are enhanced.
In addition to -doublet transitions and purely ro-
tational transitions there are also mixed transitions be-
tween rotational states of 1/2 and 3/2 states. The tran-
sition energy here includes the rotational and the fine
structure parts. Because of that, such transitions may
have different sensitivities to the variation of fundamen-
tal constants [56]. As an example, Fig. 2 shows mixed
transitions in CH molecule. The sensitivity coefficients
are given in Table 2. The isotopologue CD has mixed
transitions of lower frequencies and higher sensitivities
[56]. Similar picture takes place for OH molecule.
The molecule NH+ is isoelectronic to CH and also
has ground state 21/2. However, there is an important
difference: for NH+ the first excited state 4	− lies only
340 cm−1 above the ground state [68, 69]. The spin-orbit
interaction between these states leads to strong pertur-
bations of the rotational structure and of the -doublet
splittings and to an additional enhancement of the sen-
sitivity coefficients [58]. The spectrum of NH+ is shown
in Fig. 3. The effective Hamiltonian is similar to the one
considered above with two additional terms describing
interaction between the 2 and 4	 states [68]:
〈2
3/2, J , p | Hso|4	−3/2, J , p
〉 = −1
2
ζ3/2 , (20a)
〈2
1/2, J , p|Hso|4	−1/2, J , p
〉 = − 1
2
√
3
ζ1/2 . (20b)
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Table 1 Frequencies (in MHz) and sensitivity coefficients for hyperfine components (J , F → J , F ′) of-doublet lines in CH and OH
molecules. Recommended frequencies and their uncertainties are taken from [60–62].
ω (MHz)
Molecule Level J F F ′ Recom. Uncert. Theory Diff. Qα Qμ
12CH 21/2 0.5 0 1 3263.795 0.003 3269.40 − 5.61 0.59 1.71
0.5 1 1 3335.481 0.001 3340.77 − 5.29 0.62 1.70
0.5 1 0 3349.194 0.003 3354.11 − 4.92 0.63 1.69
1.5 1 2 7275.004 0.001 7262.25 12.75 − 0.24 2.12
1.5 1 1 7325.203 0.001 7312.02 13.18 − 0.23 2.11
1.5 2 2 7348.419 0.001 7335.30 13.12 − 0.22 2.11
1.5 2 1 7398.618 0.001 7385.08 13.54 − 0.20 2.10
12CH 23/2 1.5 2 2 701.68 0.01 682.96 18.72 − 8.44 6.15
1.5 1 2 703.97 0.03 679.83 24.14 − 8.66 6.32
1.5 2 1 722.30 0.03 702.98 19.52 − 8.37 6.17
1.5 1 1 724.79 0.01 699.85 24.94 − 8.07 5.97
16OH 23/2 1.5 1 2 1612.2310 0.0002 1595.42 16.81 − 1.27 2.61
1.5 1 1 1665.4018 0.0002 1648.93 16.47 − 1.14 2.55
1.5 2 2 1667.3590 0.0002 1650.66 16.70 − 1.14 2.55
1.5 2 1 1720.5300 0.0002 1704.17 16.36 − 1.02 2.49
16OH 21/2 0.5 0 1 4660.2420 0.0030 4638.98 21.26 2.98 0.50
0.5 1 1 4750.6560 0.0030 4729.51 21.15 2.96 0.51
0.5 1 0 4765.5620 0.0030 4744.50 21.06 2.96 0.51
4.5 5 4 88.9504 0.0011 64.34 24.61 − 921.58 459.86
4.5 5 5 117.1495 0.0011 92.35 24.80 − 699.65 349.59
4.5 4 4 164.7960 0.0011 141.20 23.60 − 496.67 248.77
4.5 4 5 192.9957 0.0011 169.22 23.78 − 424.05 212.68
Obviously, the parameters ζ1/2 and ζ3/2 scale as α2.
As mentioned above, for the NH+ molecule the split-
ting between 	 and  states E	 is only about
340 cm−1. This splitting includes three contributions:
the non-relativistic electronic energy difference, the rela-
tivistic corrections (∼α2 Z2) and the difference in the zero
point vibrational energies for the two states (∼μ1/2). Note
that the accidental degeneracy of these levels for NH+
means that the first contribution is anomalously small.
Because of that, the other two contributions can not be
neglected and modify the scaling of E	 with funda-
mental constants. This effect has to be taken into ac-
count in the calculations of the sensitivity coefficients
[58].
4 Linear polyatomic radicals in the ground
state: C3H
The linear form of the molecule C3H (l-C3H) is similar to
the molecule NH+: it also has the ground state 21/2 and
two closely lying states 23/2 and 2	
+
1/2. Here the quasi
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Figure 2 Rotational spectrum of CH from [66]. Vertical and diag-
onal arrows correspond to pure rotational and mixed transitions,
respectively.-doubling is not to scale.
Table 2 Frequencies (GHz) and sensitivities of the rotational
and mixed transitions in CH.
N, J , p N′, J ′, p′ νtheor νexpt [62] Qα Qμ
1, 32 ,+ 1, 12 ,− 533.9 532.7 1.59 0.20
1, 32 ,− 1, 12 ,+ 537.9 536.8 1.57 0.22
2, 32 ,+ 1, 32 ,− 1477.2 1477.4 0.00 1.00
2, 32 ,− 1, 32 ,+ 1470.6 1470.7 −0.01 1.00
2, 52 ,+ 1, 32 ,− 1663.0 1661.1 0.00 1.00
2, 52 ,− 1, 32 ,+ 1658.8 1657.0 0.00 1.00
2, 32 ,+ 1, 12 ,− 2011.8 2010.8 0.42 0.79
2, 32 ,− 1, 12 ,+ 2007.8 2006.8 0.42 0.79
2, 52 ,+ 2, 32 ,− 193.1 191.1 0.01 1.03
2, 52 ,− 2, 32 ,+ 180.9 178.9 0.06 0.94
degeneracy of the  and 	 states is not accidental, but is
caused by the Renner-Teller interaction. In the following
section we briefly recall the theory of the Renner-Teller
effect in polyatomic linear molecules [70, 71].
A
B
Figure 3 Spin-rotational levels of the three lowest electronic
states of the molecule NH+. Panels (A) and (B) correspond to vi-
brational states v = 0 and v = 1 respectively. The energy levels
are labeled with the quantum number J for the states and with
J and N for the	 state.
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4.1 Renner-Teller effect
The total molecular angular momentum of the poly-
atomic molecule J includes the vibrational angular
momentum G associated with the twofold degenerate
bending vibration mode(s): J = N + S = R + G + L +
S, where R describes rotation of the molecule as a whole
and is perpendicular to the molecular axis ζ . Other mo-
menta have nonzero ζ -projections: 〈Gζ 〉 = l, 〈Lζ 〉 = ,
〈Nζ 〉 = K = l + , and 〈Jζ 〉 = .
Suppose we have  electronic state | = ±1〉 and v =
1 vibrational state of a bending mode |l = ±1〉. All to-
gether there are 4 states | = ±1〉|l = ±1〉. We can rewrite
them as one doublet  state |K = ±2〉 and states 	+ and
	−. In the adiabatic approximation all four states are de-
generate. Renner [70] showed that the states with the
same quantum number K = l +  strongly interact, so
the 	+ and 	− states repel each other, while the  dou-
blet in the first approximation remains unperturbed. We
are particularly interested in the case when one of the 	
levels is pushed close to the ground state v = 0. This is
what takes place in the l-C3H molecule [74–76].
Consider a linear polyatomic molecule with the un-
paired electron in the πξ state in the molecular frame
ξ, η, ζ . Obviously, the bending energy is different for
bendings in ξζ and in ηζ planes: V± = 12 k±χ2 (here χ is
the supplement to the bond angle). That means that the
electronic energy depends on the angle φ between the
electron and nuclear planes:
H ′ = V ′ cos 2φ , (21)
where 2V ′ = V+ − V− = k′χ2. There is no reason for V ′ to
be small, so k′ ∼ k± ∼ 1 a.u. and to a first approximation
k′ does not depend on α and μ.
As long as interaction (21) depends on the relative an-
gle between the electron and the vibrational planes, it
changes the angular quantum numbers as follows:  =
−l = ±2 and K = 0. This is exactly what is required
to produce splitting between the 	+ and 	− states with
v = 1 as discussed above.
Interaction (21) also mixes different vibrational lev-
els with v = ±2,±4, . . . . Thus, we have, for example,
the nonzero ME 〈0, 0, 1, 1|H ′|2, 2,−1, 1〉 between states
|v, l,, K 〉. Such mixings reduce effective value of the
quantum number  and, therefore, reduce the spin-
orbital splitting between the 1/2 and 3/2 states [73],
Hso ≡ Aeff	 , Aeff = Aeff/ . (22)
Let us define the model more accurately. Following
[73] we write the Hamiltonian as:
H = He + Tv + ALζ Sζ . (23)
Here the “electronic” part He includes all degrees of free-
dom except for the bending vibrational mode and spin.
For l-C3H there are two bending modes, but for simplic-
ity we include the second bending mode in He too. Elec-
tronic MEs in the |〉 basis have the form:
〈 ± 1|He| ± 1
〉 = V+ + V−
2
= k
2
χ2 , (24a)
〈 ± 1|He| ∓ 1
〉 = k
′
2
χ2 exp (∓2iφ) . (24b)
Here χ and φ are the vibrational coordinates for the
bending mode. Kinetic energy in these coordinates has
the form:
Tv = − 12MR2
(
∂2
∂χ2
+ 1
χ
∂
∂χ
+ 1
χ2
∂2
∂φ2
)
. (25)
We can use the basis set of 2D harmonic functions in
polar coordinates ρ = χ R and φ for the mass M and the
force constant k:
ψv,l(ρ, φ) = Rv,l(ρ) 1√
2π
exp (ilφ) . (26)
It is important that the radial functions are orthogonal
only for the same l:
〈
Rv′,l|Rv,l
〉 = δv′,v . (27)
This allows for the nonzero MEs between states with dif-
ferent quantum number l. By averaging operator (23)
over vibrational functions we get:
〈
v′, l′|He + Tv|v, l
〉 = [ωv(v + 1) + ASζ
]
δv′,vδl′,l
+ 1
2
〈
Rv′l′ |k′χ2|Rvl
〉
exp (∓2iφ)δl′,l±2.
(28)
The exponent here ensures the selection rule ′ =  ∓ 2
for the quantum number  when we calculate MEs for
the rotating molecule.
4.2 Molecule l -C3H
We solve the eigenvalue problem for Hamiltonian (23)
using the basis set of the 2D-harmonic oscillator. Our
model Hamiltonian has only 3 parameters, namely ωv,
A, and the dimensionless Renner-Teller parameter E :
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Table 3 Low lying energy levels for the bending mode
ωv = 589 cm−1 of l-C3H molecule and their sensitivities qα
and qμ to the variation of α and μ respectively. is the
distance from the ground state. All values are in cm−1.

vnom 〈v〉 K  〈〉 E [72] [73] qμ qα
0 1.22 1 0.5 0.50 367.9 0.0 0.0 187.8 −14.6
0 1.35 1 1.5 0.46 381.9 13.9 14.0 187.8 13.3
1 2.32 0 0.5 −0.01 394.2 26.3 27.0 197.3 −0.4
1 3.57 2 1.5 0.21 597.7 229.7 226.0 300.3 −6.1
1 3.65 2 2.5 0.19 603.5 235.5 232.0 300.3 5.5
k′ = Ek. The values for ωv and A for l-C3H are given in
[73]. We varied the Renner-Teller parameter E to fit five
lowest levels for the given bending mode: 1/2, 3/2,
	1/2, 3/2, and 5/2. The optimal value appeared to be
E = 0.788. The results are presented in Table 3. The first
two columns give nominal vibrational quantum number
v and its actual average value. We see that the Renner-
Teller term in (28) strongly mixes vibrational states. This
mixing also affects 〈〉 and decreases spin-orbital split-
tings as explained by Eq. (22).
The last two columns in Table 3 give dimensional sen-
sitivity coefficients qμ and qα in cm−1:
E = qα α
α
+ qμ μ
μ
.
To estimate them we assumed that the parameters scale
in a following way: ωv ∼ μ1/2, A ∼ α2, and E does not de-
pend on α and μ. The dimensionless sensitivity coeffi-
cients (10) for the transitions ωi,k = Ek − Ei can be found
as:
Qi,k = (qk − qi)/ωi,k .
In Table 4 these coefficients are calculated for the same
set of parameters as in Table 3 and for the slightly dif-
ferent parameters which better fit experimental frequen-
cies from [76]. We see that the sensitivity coefficients are
practically the same for both sets.
For the two fine structure transitions, 1/2 −→ 3/2
and 3/2 −→ 5/2, we get sensitivities Qμ = 0 and Qα =
2. This may seem strange as the fine structure is signif-
icantly reduced by the Renner-Teller mixing: the fine-
structure parameter is 29 cm−1 and the splitting between
1/2 and 3/2 is only 13.9 cm−1. According to (22) the
mixing reduces the splitting. However, this effect de-
Table 4 l-C3H sensitivity coefficients for the transitions
between states from Table 3 and for parameters Aeff and
E	 defined by (22) and (29) respectively. Frequencies are in
cm−1.
Fit to [73] Fit to [76]
K  K ′ ′ ω Qμ Qα ω Qμ Qα
1 0.5 1 1.5 13.9 0.00 2.00 14.4 0.00 2.00
1 1.5 0 0.5 12.4 0.78 −1.11 13.3 0.77 −1.07
0 0.5 2 1.5 203.5 0.51 −0.03 204.4 0.51 −0.03
2 1.5 2 2.5 5.8 0.00 2.00 6.0 0.00 2.00
Aeff 13.9 0.00 2.00 14.4 0.00 2.00
E	 19.4 0.50 0.00 20.5 0.50 0.00
pends on the dimensionless Renner-Teller parameter E
and does not depend on μ and α. Consequently, the ef-
fective parameter Aeff depends on fundamental constants
in the same way as initial parameter A.
For the high frequency transition 	1/2 −→ 3/2,
where the spin-orbital energy can be neglected, we get
Qμ = 0.5 and Qα = 0. These results are expected, be-
cause our model has only two dimensional parameters:
vibrational frequency, which is proportional to μ1/2 and
the fine structure parameter A, which scales as α2. Even
though our vibrational spectrum is far from that of a sim-
ple harmonic oscillator, the non-diagonal MEs (28) of the
Hamiltonian (23) still scale as μ1/2. Therefore, if we ne-
glect spin-orbital splittings, we get Qμ = 1/2 for all tran-
sitions. The only transition in Table 4 where the spin-
orbital energy and vibrational energy are close to each
other is the 3/2 −→ 	1/2 transition. The resultant fre-
quency is roughly half of the vibrational energy differ-
ence between the  and 	 states. This leads to Qμ ≈ 1
and Qα ≈ −1.
The spectrum of the l-C3H molecule is shown on
Fig. 4. The effective Hamiltonian for the rotating
molecule is similar to that of the NH+ molecule. It in-
cludes the effective fine-structure parameter Aeff and the
energy difference between the 	 and  states,
E	 = E(	+) − E(1/2) + E(3/2)2 . (29)
Numerical values for these parameter are obtained from
the fit to the experimental transition frequencies. Here
we only need to determine the dependence of these pa-
rameters on fundamental constants. Table 4 shows that
Aeff ∼ α2 and E	 ∼ μ1/2. Once again, this is because
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the Renner-Teller mixing depends on the dimensionless
parameter E and does not depend on α and μ. Calculated
sensitivity coefficients for the K -doublet transitions of
the l-C3H molecule are listed in Tables 5 and 6. The re-
sults for the mixed transitions can be found in [72].
5 Tunneling modes in polyatomic molecules
In this section we consider non linear and non planar
polyatomic molecules. Such molecules generally have
more than one equivalent potential minimum. If the
barriers between these minima are not too high the
molecule can tunnel between them. Ammonia (NH3) is
the best known textbook example of a nonrigid molecule
(see Fig. 5). Interestingly, this molecule is also one
of the most abundoned polyatomic molecules in the
interstellar medium. Other important for astrophysics
molecules with tunneling include hydronium (H3O+),
peroxide (H2O2), methanol (CH3OH), and methylamine
(CH3NH2). We will briefly discuss all of them below.
All these molecules include only light atoms with Z ≤ 8
and have singlet electronic ground states. Thus we can
Figure 4 Spin-rotational levels of the three lowest vibronic states
of the molecule l-C3H. K -doubling is indicated schematically, hy-
perfine structure is shown only for the two lowest K -doublets.
Due to a strong Renner-Teller effect the component 2	+ of the ex-
cited bending state ν4(CCH bending) is shifted towards lower en-
ergies,∼29 cm−1 above the zero-level of the ground state 21/2.
Table 5 Frequencies (MHz), sensitivity coefficients, and
reduced MEs (a.u.) for some K -doubling transitions in1/2
state of the l-C3H molecule.
J F ′p′, F p ω Qα Qμ ||D||2
1
2 1+, 0− 52.37 0.66(2) 1.7(2) 0.333
1
2 0+, 1− 39.12 0.20(2) 1.9(2) 0.333
1
2 1+, 1− 34.93 −0.02(2) 2.0(2) 0.667
3
2 1−, 1+ 85.55 0.65(2) 1.7(1) 0.166
3
2 2−, 1+ 78.60 0.55(2) 1.7(1) 0.033
3
2 1−, 2+ 75.23 0.43(2) 1.8(1) 0.033
3
2 2−, 2+ 68.29 0.30(2) 1.8(1) 0.299
5
2 2+, 2− 107.19 0.95(2) 1.5(1) 0.132
5
2 3+, 2− 98.97 0.89(2) 1.5(1) 0.009
5
2 2+, 3− 98.83 0.82(2) 1.6(1) 0.009
5
2 3+, 3− 90.61 0.75(2) 1.6(1) 0.188
7
2 3−, 3+ 112.38 1.63(2) 1.2(1) 0.105
7
2 4−, 4+ 96.07 1.56(2) 1.2(1) 0.136
9
2 4+, 4− 95.75 3.22(4) 0.36(7) 0.086
9
2 5+, 5− 79.63 3.45(4) 0.23(7) 0.105
11
2 5−, 5+ 52.81 9.1 (6) −2.6 (3) 0.072
11
2 6−, 6+ 36.85 12.1 (6) −4.1 (3) 0.085
13
2 6−, 6+ 20.25 − 34. (2) 19. (2) 0.062
13
2 7−, 7+ 36.06 − 18. (2) 11. (2) 0.071
15
2 7+, 7− 126.59 −7.6 (2) 5.8 (4) 0.054
15
2 8+, 8− 142.24 −6.5 (2) 5.3 (4) 0.061
17
2 8−, 8+ 268.76 −4.7 (1) 4.4(3) 0.047
17
2 9−, 9+ 284.25 −4.3 (1) 4.2(3) 0.053
19
2 9+, 9− 448.75 −3.59(7) 3.8(3) 0.042
19
2 10+, 10− 464.07 −3.39(7) 3.7(3) 0.046
21
2 10−, 10+ 668.02 −2.97(6) 3.5 (3) 0.038
21
2 11−, 11+ 683.18 −2.85(6) 3.4 (3) 0.041
neglect relativistic corrections and assume that all dis-
cussed transitions have Qα = 0.
It is clear that tunneling frequencies should strongly
depend on the nuclear masses, and we can expect large
sensitivity coefficients Qμ,tun. They can be found using
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Table 6 Frequencies (MHz), sensitivity coefficients, and
reduced MEs (a.u.) for some K -doubling transitions in3/2
state of the l-C3H molecule.
J F ′p′, F p ω Qα Qμ ||D||2
3
2 1−, 1+ 5.61 −2.63(8) 3.2 (2) 1.493
3
2 2−, 1+ 18.50 0.49(8) 1.7 (2) 0.299
3
2 1−, 2+ −7.30 5.28(8) −0.6 (2) 0.299
3
2 2−, 2+ 5.58 −2.63(8) 3.2 (2) 2.688
5
2 2+, 2− 22.24 −2.60(8) 3.2 (2) 1.186
5
2 3+, 2− 31.50 −1.35(8) 2.6 (2) 0.085
5
2 2+, 3− 12.88 −5.67(8) 4.6 (2) 0.085
5
2 3+, 3− 22.15 −2.60(8) 3.2 (2) 1.694
7
2 3−, 3+ 54.92 −2.57(8) 3.2 (2) 0.943
7
2 4−, 4+ 54.76 −2.57(8) 3.2 (2) 1.223
9
2 +− 108.13 −2.50(8) 3.1 (2) 1.230
11
2 −+ 185.99 −2.46(8) 3.1 (2) 1.007
39
2 −+ 4266.17 −2.9 (1) 2.53(8) 0.224
41
2 +− 4553.04 −3.5 (1) 2.42(5) 0.208
43
2 −+ 4663.43 −4.6 (2) 2.2 (1) 0.192
45
2 +− 4377.16 −7.5 (2) 1.4 (3) 0.174
47
2 −+ 3097.96 −19.0 (4) −2.3 (9) 0.149
49
2 −+ 909.06 132. (2) 53.(8) 0.103
51
2 −+ 19813.69 −3.11(5) −1.6 (4) 0.116
the semi-classical Wentzel-Kramers-Brillouin (WKB) ap-
proximation. Following [77] we can write the ground
state tunneling frequency in atomic units ( = |e| = me =
1) as:
ωtun ≈ 2E0
π
e−S, (30)
where S is the action over classically forbidden region
and E0 is the ground state vibrational energy calcu-
lated from the bottom of the well Umin. If the barrier is
high enough the harmonic approximation gives 2E0 =
ωv, where ωv is the observed vibrational frequency. In
this case Eq. (30) allows to find action S from experimen-
tally known frequencies ωtun and ωv. For lower barriers
we need to know the shape of the potential to estimate
E0. The examples of these two limiting cases are am-
Figure 5 Potential for the tunneling (umbrella) mode of the NH3
molecule. Two lowest vibrational levels lie below the barrier.
monia and hydronium, where tunneling frequencies are
0.8 cm−1 and 55 cm−1 respectively.
The action S depends on the tunneling mass, which in
atomic units is proportional to μ−1. Differentiating (30)
over μ we get [78, 79]
Qμ,tun ≈ 1 + S2 +
S E0
2(U − E0) , (31)
where U = Umax − Umin is the barrier hight. Numerical
solution of the Schro¨dinger equation for realistic poten-
tials agrees with this WKB expression within few percent
for all molecules considered so far.
5.1 Ammonia
Equations (30), (31) show that sensitivity coefficient log-
arithmically depends on the tunneling frequency. For ex-
ample, for the symmetric isotopologues of ammonia we
get:
NH3 : ωtun = 24 GHz, Qμ,tun = 4.5 , (32a)
ND3 : ωtun = 1.6 GHz, Qμ,tun = 5.7 . (32b)
Such a weak dependence on the tunneling frequency
limits possible values of the sensitivity coefficients for
tunneling transitions in the microwave range: Qμ,tun  8.
This is quite good, compared to the rotational sensitivity
Qμ,rot ≈ 1, but smaller than the best sensitivities in linear
molecules considered above.
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Let us consider mixed tunneling-rotational transi-
tions, where tunneling goes along with the change of the
rotational quantum numbers. If we neglect interaction
between tunneling and rotational degrees of freedom
we can write approximate expressions for the frequency
and the sensitivity of the mixed inversion-rotational
transition:
ωmix = ωr ± ωtun , (33a)
Qμ,mix = ωr
ωmix
± Qμ,tun ωtun
ωmix
. (33b)
We are particularly interested in the case when the mi-
nus sign in (33) is realized and ωmix  ωtun. For this
case the tunneling sensitivity is enhanced by the fac-
tor ωtun/ωmix  1 and resultant sensitivity of the mixed
transition is inversely proportional to the transition fre-
quency ωmix. Therefore, for the mixed transitions we can
have much higher sensitivities in the observable frequency
range, then for the purely tunneling transitions.
Another important advantage of the mixed transi-
tions is that there are usually many of them each having
different sensitivity. This means that we can have very
good control on possible systematics and reliably esti-
mate the accuracy of the results for μ-variation.
The mixed transitions can not be observed in the
symmetric isotopologues of ammonia (32), but they are
observed in the partly deuterated species NH2D and
NHD2. Unfortunately, for both of them the tunneling fre-
quency is much smaller then all rotational frequencies
and sensitivities (33b) are not large [80]:
NH2D : 0.10 ≤ Qμ,mix ≤ 1.61 ,
NHD2 : 0.27 ≤ Qμ,mix ≤ 1.54 . (34)
Relatively small sensitivity coefficients for deuterated
isotopologues of ammonia (34) and their low abundance
does not allow to get strong limits on μ-variation, so we
need to use tunneling ammonia line (32a). It was ob-
served from the several objects with the redshifts about
unity. Measuring radial velocities for rotational lines and
for the ammonia tunneling line we have Q = 3.5 in
Eq. (8), which is two orders of magnitude larger than
for optical lines. Because of that the ammonia method
allowed to place more stringent bounds on μ-variation
than bounds, which follow from the optical spectra of
the hydrogen molecule. However, recent observations of
the molecules with mixed tunneling-rotational transi-
tions provide even higher sensitivity to μ-variation.
5.2 Mixed tunneling-rotational transitions and effective
Hamiltonians
Equations (33) show that high sensitivity mixed transi-
tions are possible when tunneling frequency is of the
same order of magnitude as rotational constants. How-
ever, in this case tunneling and rotational degrees of free-
dom start to interact and the accuracy of approxima-
tion (33) decreases. A much better approximation can
be reached with the help of the effective Hamiltonians,
which describe rotational and tunneling degrees of free-
dom and their interactions with each other. At present
the state of the art effective Hamiltonians can include on
the order of hundred parameters. These parameters are
fitted to the experimentally known transitions and pro-
vide an accuracy on the ppm scale, or better.
When such Hamiltonians are used to find sensitivity
coefficients Qμ we need to know how all the parameters
depend on μ. It was shown in [25] that this can usually
be done only within an accuracy of a few percent. The
final accuracy for the large Q-factors is somewhat lower
because of the instability of Eq. (33b). Because of that we
need not complex effective Hamiltonians but their sim-
plified versions with considerably smaller numbers of fit-
ting parameters can be used instead.
5.3 Hydronium and peroxide
Let us start with hydronium molecule H3O+ [81]. This
molecule is a symmetric top. It is similar to ammonia, but
flatter. Tunneling frequency is almost 50 times larger and
comparable to rotational intervals. The tunneling um-
brella mode does not change the symmetry and does not
contribute to the angular momentum of the molecule.
Because of that the tunneling-rotational interaction is re-
duced to the centrifugal corrections to the tunneling fre-
quency [82].
The tunneling-rotational spectrum of hydronium is
shown in Fig. 6. It consists of the J ladders for each quan-
tum number K , where K is projection of the angular
momentum on the molecular axis. Due to the tunneling
each rotational level is split in two states with different
parity p. For K = 0 the permutation symmetry of the hy-
drogen nuclei allows only one of these levels, while for
K > 0 both levels are present.
In Fig. 6 we see four mixed transitions with frequen-
cies around 300 GHz, which is few times smaller than
the tunneling frequency that is about 1.6 THz. Table 7
shows that these transitions have enhanced sensitivity to
μ variation (Qμ,tun = 2.0 ± 0.1). Those transitions, whose
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frequencies decrease when tunneling frequency in-
creases have negative sensitivity coefficients Qμ. We con-
clude that hydronium has several mixed transitions with
sensitivities of both signs and the maximum Qμ is
around 10. Other isotopologues of hydronium have even
higher sensitivities [79], but up to now they have not
been observed in the interstellar medium.
Another molecule where tunneling frequency is com-
parable to rotational constants, but tunneling-rotational
interaction is rather weak, is peroxide H2O2 [83, 84].
In equilibrium geometry H2O2 is not flat; the angle
2γ between two HOO planes is close to 113◦. Two flat
configurations correspond to local maxima of poten-
tial energy; the potential barrier for trans configura-
tion (2γ = π) is significantly lower, than for cis config-
uration (γ = 0): Uπ ≈ 400 cm−1 and U0 ≈ 2500 cm−1.
To a first approximation one can neglect the tunnel-
ing through the higher barrier. In this model perox-
ide is described by a slightly asymmetric oblate top
with inversion tunneling mode, similar to ammonia and
hydronium.
The sensitivity coefficients for the mixed transitions
in peroxide were calculated in [86]. Results of these cal-
culations are shown in Table 8. Molecular states are la-
beled with the rotational quantum numbers J , K A, and
KC and the tunneling quantum number τ [83]. Transi-
tions with the frequencies below 100 GHz were found to
Figure 6 Tunneling-rotational spectrum of H3O+ molecule. Sev-
eral low-frequency tunneling and mixed transitions are marked
with vertical arrows. Their frequencies are shown in GHz.
Table 7 Sensitivities of the low frequency mixed
inversion-rotational transitions in hydronium H3O+.
Molecular states are labeled with quantum numbers J pK .
Transition Frequency (MHz)
Upper Lower Theory Exper. Qμ
1−1 2
+
1 307072 307192.4 6.4(5)
3+2 2
−
2 365046 364797.4 −3.5(5)
3+1 2
−
1 389160 388458.6 −3.1(4)
3+0 2
−
0 397198 396272.4 −3.0(4)
0−0 1
+
0 984690 984711.9 2.7(2)
4+3 3
−
3 1031664 1031293.7 −0.6(2)
4+2 3
−
2 1071154 1069826.6 −0.5(2)
3−2 3
+
2 1621326 1621739.0 2.0(1)
2−1 2
+
1 1631880 1632091.0 2.0(1)
1−1 1
+
1 1655832 1655833.9 2.0(1)
Table 8 Numerical calculation of the Q-factors for low
frequency mixed transitions in peroxide H2O2 using effective
Hamiltonian. Experimental frequencies are taken from JPL
Catalogue [61]. Eup is upper state energy in Kelvin.
J K A,KC (τ ) ω (MHz)
upper lower Eup (K) theory exper. Qμ
Transitions below 100 GHz
00,0(3) 11,0(1) 17 14818.8 14829.1 +36.5(2.9)
21,1(1) 10,1(3) 21 37537.0 37518.28 −13.0(1.2)
10,1(3) 11,1(1) 19 67234.5 67245.7 +8.8(6)
20,2(3) 21,2(1) 24 68365.3 68385.0 +8.7(6)
30,3(3) 31,3(1) 31 70057.4 70090.2 +8.5(6)
40,4(3) 41,4(1) 41 72306.0 72356.4 +8.3(6)
50,5(3) 51,5(1) 53 75104.6 75177.4 +8.0(6)
60,6(3) 61,6(1) 68 78444.7 78545.4 +7.7(6)
31,2(1) 20,2(3) 28 90399.8 90365.51 −4.8(5)
Transitions observed from ISM in [85]
30,3(3) 21,1(1) 31 219163.2 219166.9 +3.4(2)
61,5(1) 50,5(3) 66 252063.6 251914.68 −1.1(2)
40,4(3) 31,2(1) 41 268963.7 268961.2 +3.0(2)
50,5(3) 41,3(1) 53 318237.7 318222.5 +2.7(1)
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have rather high sensitivities of both signs. Several tran-
sitions of peroxide were recently observed from interstel-
lar medium (ISM) in [85]. These transitions have higher
frequencies and smaller sensitivities to μ-variation. Nev-
ertheless, even for these transitions the maximum value
of Qμ is about 4.5.
5.4 Molecules with hindered rotation: methanol
and methylamine
Hindered rotation is one of the examples of the large
amplitude internal motions in non rigid molecules. In
the discussion of the peroxide molecule in the pre-
vious subsection, we neglected the tunneling through
the higher cis barrier. For the excited vibrational states
tunneling through both barriers can take place lead-
ing to the hindered rotation of one HO group in re-
spect to another. Many molecules which include CH3
group have three equivalent minima at 120◦ to each
other. Hindered rotation in such molecules can take
place already for the ground vibrational state. When the
tunneling frequencies are comparable to the rotational
ones, such molecules have very rich microwave spectra
with a large number of mixed transitions. Another dis-
tinctive feature of these molecules is strong interaction
between the internal (hindered) and overall rotations.
One of the simplest molecules of this type is methanol
CH3OH.
The basic theory of the non-rigid tops with internal
rotation was established in the 1950s [87, 88] and the
main features of the methanol spectrum were explained.
Later on the theory was refined many times and currently
there is a very impressive agreement between the theory
and experiment [89–92].
The sensitivity coefficients to the μ-variation for
methanol microwave transitions were calculated in-
dependently in [93, 94] and in [25]. The first group
used the state of the art effective Hamiltonian [91],
which included 120 fitting parameters. The second
group used a much simpler model [95]. The rota-
tional part Hrot was that of the slightly asymmetric
top and included the rotational constants A, B, and C
(A ≈ B). The hindered rotation was described by the
Hamiltonian
Hhr = −F d
2
dω2
+ V3
2
(1 − cos 3ω) , (35)
where the kinetic coefficient F was proportional to μ and
the electronic potential V3 was independent on μ. The
angle ω described position of the OH group in respect to
the CH3 top. This model did not include centrifugal dis-
Figure 7 Comparison of the sensitivity coefficients for CH3OH
from [93] and [25]. The former used the sensitivity coefficients Kμ
defined as Kμ = −Qμ. This corresponds to the different defini-
tion of the mass ratio: mp/me instead of me/mp, which is used
in the present review.
tortions. The interaction of the internal rotation with the
overall rotation was described by a single parameter D,
which scaled linearly with μ [87]. Altogether this model
had 6 parameters.
Both effective Hamiltonians were diagonalized for
several sets of parameters, which correspond to an in-
creased and decreased μ and the sensitivity coefficients
were found by the numerical differentiation. The com-
parison of the two calculations is given in Fig. 7. We see
that in spite of a significant difference in complexity of
the models the results are in good agreement and of the
comparable accuracy. As we discussed above, the latter
is mostly determined by ambiguity in the μ-scaling of
model parameters.
The sensitivity coefficients for the mixed transitions
in methanol span from −17 to +43, which corresponds
to |Qμ| ∼ 60. This is more than an order of mag-
nitude larger than in ammonia method. Moreover, in
methanol we have a large number of strong lines with
different sensitivities and can effectively control pos-
sible systematic effects. Until very recently methanol
was observed only at small redshifts, but in 2011 it
was first detected in the microwave survey towards
the object PKS 1830-211 at redshift z = 0.89 [96]. This
means that at present methanol can be used as a very
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Figure 8 Schematic representation of methylamine and variation of the potential energy of methylamine as function of the relative
rotation γ of the CH3 group with respect to the amine group about the CN bond and the angle τ of the two hydrogen atoms of the
NH2 group with respect to the CN bond. The two large amplitude motions, corresponding to inversion h2v and hindered rotation h3v are
schematically indicated by the arrows. Note that inversion of the NH2 group is accompanied by a π/3 rotation about the CN bond of
the CH3 group with respect to the amine group.
sensitive tool to probe μ-variation on a cosmological
timescale [23, 97].
In the same survey [96], a large number of rather com-
plex molecules were detected for the first time at high
redshift. In particular, the list includes methylamine —
yet another molecule with tunneling motion. In con-
trast to all previously discussed molecules, methylamine
has two tunneling modes. First is hindered rotation of
the NH2 around CH3 top, which is similar to that in
methanol. Second is a wagging mode when the NH2
group flips over to the other side (see Fig. 8). Both modes
contribute to the angular momentum of the molecule
and, therefore, strongly interact with the overall rotation.
The spectrum of methylamine is also very rich. The
effective Hamiltonian must include both tunneling mo-
tions and their interactions with each other and with the
overall rotation. Therefore, even the simplest form of this
Hamiltonian is quite complex and we will not discuss it
here. Calculations of the sensitivity coefficients were re-
cently done in [98]. It was found that they lie in the range
−24 ≤ Qμ ≤ 19. However, the lines, which were observed
in [96] at z = 0.89 have sensitivities close to 1. Up to now
neither of the more sensitive lines of methylamine has
been observed at high redshifts.
There are several other molecules with mixed
tunneling-rotational spectra, for example N2H4 and
CH3SH. The former has three tunneling modes which
strongly interact with rotation. Thus, we should expect
very complex spectrum. This molecule is predicted
to form in Jupiter’s and Titan’s atmospheres [99, 100].
The latter is similar to methanol and exhibits hindered
rotation and complex spectrum [101]. Effective Hamil-
tonians for many of these molecules are known, but no
other calculations of the sensitivity coefficients have
been done so far (preliminary results for CH3SH show
that there are transitions with high sensitivities of both
signs). If any new sufficiently low frequency mixed
transitions are observed from the interstellar medium, it
is possible to calculate respective sensitivity coefficients
using the methods outlined in this section.
6 Summary and conclusions
As we discussed in the previous sections the constraints
on the possible variation of fundamental constants are
an efficient method of testing the equivalence principle
which is a basic assumption of General Relativity. These
constraints can be derived from a wide variety of atomic
and molecular transitions observed in laboratory, solar
and extra solar systems, and at very early cosmological
epochs up to a redshift of order z ∼ 5 − 6 where molec-
ular and atomic transitions have been recently detected
and observed with a sufficiently high spectral resolu-
tion [14,15]. Radio astronomical observations of the NH3
molecule in two distant galaxies provide tight constraints
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at the μ/μ < 1 × 10−6 level at z = 0.89 [102] and z =
0.69 [13]. Even deeper bounds were deduced from ob-
servations of the CH3OH molecule in the z = 0.89 galaxy:
μ/μ < 3 × 10−7 [97], and μ/μ < 1 × 10−7 [23].
To probe α and μ at the level of 10−8 or 10−9, at
least two main requirements should be fulfilled: (i) in-
creasing precision of the laboratory measurements of
the rest frame frequencies of the most sensitive molecu-
lar transitions discussed in this review, and (ii) increas-
ing sensitivity and spectral resolution of astronomical
observations.
The most promising molecular transitions are those
of a mixed nature, where there are two, or more, compet-
ing contributions to the transition energy. We get strong
enhancement of the sensitivity to the variation of the
fundamental constants when the resultant transition fre-
quency is much smaller than individual contributions.
This happens, for example, for some mixed tunneling-
rotational transitions. Diatomic radicals give another ex-
ample, where spin-orbit interaction is competing with
Coriolis interaction. As a result we have strong enhance-
ment of the sensitivity coefficients for the -doublet
transitions. There are other known examples, which are
more relevant for the laboratory experiments [103,104]. It
is possible that more examples will be found both for the
laboratory and astrophysical studies. The methods de-
scribed in this review allow us to calculate sensitivity co-
efficients for any microwave and submillimeter molecu-
lar transitions of interest.
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The experimental concept of a search for a long-range cou-
pling between rubidium (Rb) nuclear spins and the mass of
the Earth is described. The experiment is based on simulta-
neous measurement of the spin precession frequencies for
overlapping ensembles of 85Rb and 87Rb atoms contained
within an evacuated, antirelaxation-coated vapor cell. Ru-
bidium atoms are spin-polarized in the presence of an ap-
plied magnetic field by synchronous optical pumping with
circularly polarized laser light. Spin precession is probed by
measuring optical rotation of far-off-resonant, linearly po-
larized laser light. Simultaneous measurement of 85Rb and
87Rb spin precession frequencies enables suppression of
magnetic-field-related systematic effects. The nuclear struc-
ture of the Rb isotopes makes the experiment particularly
sensitive to anomalous spin-dependent interactions of the
proton. Experimental sensitivity and a variety of systematic
effects are discussed, and initial data are presented.
1 Introduction
The connection between quantum theory and general
relativity is one of the most important unsolved mys-
teries of modern physics, a mystery exacerbated by the
dearth of experiments probing the rare intersections
between these two theories. One intersection between
quantum effects and gravity that does offer potential for
experimental tests is the question of how intrinsic spins
interact with gravitational fields (see, for example, the re-
view [1]). According to general relativity, a purely tensor
theory, the intrinsic spin of a particle is unaffected by the
local gravitational field [2–6]. However, in extensions of
general relativity based on a Riemann-Cartan spacetime
instead of a Riemann geometry, the gravitational interac-
tion is described by a torsion tensor which can generate
heretofore undetected spin-mass and spin-spin interac-
tions [7–10].
In terms of quantum field theory phenomenology,
the torsion tensor describes new scalar-pseudoscalar
and vector-pseudovector gravitational interactions, cor-
responding, respectively, to spin-0 and spin-1 gravitons
in addition to the usual spin-2 graviton associated with
the tensor nature of standard gravity [11–13]. New spin-
1 and spin-0 partners of the usual spin-2 graviton also
naturally arise in theoretical attempts to unify gravity
and quantum mechanics, such as string theory and M-
theory [14–16], especially in the context of supersymme-
try [17]. It has recently been noted that a massless or
nearly massless spin-0 component of gravity manifests
as dark energy over cosmological distances [18–21]. The
pseudoscalar component of such a field leads to an in-
teraction that has the nonrelativistic form [21]:
Hg = kc σ · g (1)
where k is a dimensionless parameter setting the scale of
the new interaction,  is Planck’s constant, σ is the intrin-
sic spin of the particle in units of , g is the Earth’s grav-
itational field, and c is the speed of light. If the strength
of the pseudoscalar coupling is the same as that of the
tensor component of gravity, k ≈ 1 [21].
The Hamiltonian Hg in Eq. (1) manifestly violates
the equivalence principle for intrinsic spins, offering a
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mechanism by which a gravitational field can be dis-
tinguished from an accelerating reference frame. Fur-
thermore, if Hg = 0, gravity would violate parity (P) and
time-reversal (T) symmetries, and the spin-gravity cou-
pling would be a source of additional CP-violation that
might explain the observed matter-antimatter asymme-
try of the universe [22]. The possibility that gravity may
violate discrete symmetries has led many authors over
the past fifty years [3, 23–30] to consider the possibility
of such an interaction, which would imply the existence
of a gravitational dipole moment (GDM) kσ/c for ele-
mentary particles. One could envision a GDM as a sepa-
ration between the center of inertial mass and the center
of gravitational mass by a distance k/mc, wherem is the
particlemass. If the dimensionless coupling constant k is
of order unity, then the separation between the centers of
inertial mass and gravitational mass is on the order of
the Compton wavelength. Generally, theoretical models
of gravity that accommodate such an interaction pre-
dict that k  1 [3,23–30]. However, to date, the most sen-
sitive searches [31, 32] for such a spin-gravity coupling
have set limits k  10, still an order of magnitude away
from the most theoretically interesting region of param-
eter space. The central goal of the experiment described
in the present paper is to probe spin-gravity interactions
of the type described by Eq. (1) at the k ∼ 1 level.
There are several experimental consequences of the
existence of a GDM for an elementary particle. The in-
teraction described by Eq. (1) leads to a gravity-induced
splitting E of the energy levels for spins oriented paral-
lel and anti-parallel to g :
E = 2kg
c
≈ 4k× 10−23eV. (2)
In addition, an interaction such as that described by
Eq. (1) generates a torque on spins immersed in a grav-
itational field, leading to spin precession about the axis
of the local gravitational field with a frequency
g
2π
= kg
πc
≈ k× 10−8Hz. (3)
This spin precession not associated with the magnetic
moments of the particles is the signature of the P- and
T-violating spin-gravity coupling that is being searched
for in our present experiment.
In principle, the effect of a spin-gravity coupling is in-
distinguishable from the interactions resulting from any
heretofore undiscovered force-mediating pseudoscalar
or vector particle. In the literature, such new interac-
tions are commonly parameterized using the Moody-
Wilczek formalism for spin-0 particles [36], recently ex-
tended by Dobrescu and Mocioiu to include spin-1 par-
ticles [37]. In this context, the spin-gravity (or spin-mass)
interaction searched for in our proposed experiment can
be interpreted as a monopole-dipole coupling. In gen-
eral, the monopole-dipole coupling strength can be dif-
ferent for different elementary particles—our proposed
experiment is primarily sensitive to monopole-dipole
couplings of the proton, whereas the previous best ex-
perimental limits are for neutron [31] and electron [32]
couplings. Consequently, our experiment has the poten-
tial to improve experimental constraints on monopole-
dipole couplings of the proton by orders of magnitude
compared to the best previous limit [34].
Figure 1 presents a parameter exclusion plot showing
existing direct experimental limits on monopole-dipole
interactions of nucleons at various length scales, as well
as astrophysical constraints inferred from the duration
of the supernova SN 1987A neutrino burst in combina-
tion with data from searches for anomalous monopole-
monopole forces [35]. (It should be noted that there are
significant uncertainties related to dense nuclear mat-
ter effects in the analysis of the SN 1987A neutrino burst
[38,39].) The blue horizontal line at the bottomof the plot
shows the strength of the monopole-dipole interaction
corresponding to k ≈ 1. The dashed red curve shows the
projected sensitivity of our experiment. Note that astro-
physical limits for electron couplings, which are based
on star cooling, are three orders of magnitude more re-
strictive than astrophysical limits on nucleon couplings.
Thus the astrophysical limits for electrons just reach the
k ≈ 1 regime, and are comparable to the projected sen-
sitivity of our experiment. Of interest are observations
that the white-dwarf luminosity function fits better with
a small amount of anomalous energy loss at a level that
would correspond to a pseudoscalar interaction with
coupling strength corresponding to k ≈ 1 [40]. Further-
more, the observed period decrease of the pulsating
white dwarf G117-B15A also favors some amount of extra
cooling [41].
In the present work, we describe a dual-isotope ru-
bidium (Rb) comagnetometer well-suited for search-
ing for a long-range monopole-dipole coupling between
proton spins and the mass of the earth. We show
that the dual-isotope Rb comagnetometer as designed
can achieve sufficient statistical sensitivity and rejec-
tion of known systematic errors so that present ex-
perimental limits on anomalous monopole-dipole cou-
plings of the proton spin can be improved by orders
of magnitude. The basic concept of our experiment is
to use synchronous laser optical pumping to gener-
ate transverse spin polarization of Rb atoms contained
in an antirelaxation-coated cell [42], and then employ
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Figure 1 Existing experimental constraints (at the 2-σ level) on nucleon monopole-dipole (scalar-pseudoscalar) couplings
∣∣g pgs
∣∣ /c
as a function of the range λ of the interaction (g p and gs are the pseudoscalar and scalar coupling constants, respectively). Direct
experimental constraints for the neutron are from Youdin et al. (1996) [33] at the laboratory-scale range and from Venema et al. (1992) [31]
for the earth-scale range (excluded parameter space shaded blue); constraints for the proton are from the experiment of Wineland et al.
(1991) [34] (excluded parameter space shaded purple). Astrophysical constraints for baryon couplings (excluded parameter space shaded
green) are from the recent analysis of Raffelt (2012) [35]. The nominal coupling strength for a scalar-tensor theory of gravity corresponding
to k ≈ 1 is represented by the blue line at the ∣∣g pgs
∣∣ /c ≈ 10−36 level. Constraints onmonopole-dipole couplings of the electron spin
to the mass of the earth (obtained by the University of Washington torsion pendulum experiment [32], not shown) are similar to the
constraints on the neutron spin from Ref. [31]. The potential sensitivity (dashed red line) of our proposed search could improve upon
existing experimental limits on long-range (λ  107m) monopole-dipole couplings in general by an order of magnitude and for the
proton spin in particular by three orders of magnitude.
off-resonant laser light to simultaneously measure the
spin precession frequencies of 85Rb and 87Rb atoms in
the presence of a magnetic field B. The ratio of the dif-
ference between the Rb precession frequencies divided
by their sum,
R = 87 − 85
87 + 85 , (4)
will be measured for a range of different magnetic fields.
Measurement of the ratio R eliminates or reduces sev-
eral common-mode sources of noise and systematic er-
ror. Taking the difference R between R for B parallel
with g and anti-parallel with g yields a signal propor-
tional to the spin precession frequency caused by non-
magnetic interactions. In this configuration, the valence
electron spin of the Rb atoms effectively serves as an ac-
curate comagnetometer for the Rb nuclear spins.
Our early work on this experiment is described in
Ref. [43]. In this early version of the experiment, a sin-
gle linearly polarized laser beam, frequency-modulated
at an integer multiple of the precession frequency, was
used to measure nonlinear magneto-optical rotation
(NMOR) induced by the spin precession of the Rb atoms
[44–47]. While the NMOR measurements achieved our
target statistical sensitivity to the Rb spin precession
frequencies, a subtle systematic effect involving light
shifts [43,48] required us tomodify our experimental ap-
proach. The effect, known as alignment-to-orientation
conversion, arises from the combined action of the
magnetic field and optical electric field. Alignment-to-
orientation conversion evolves spin polarization aligned
along the linear polarization axis into spin polarization
oriented along the light propagation (magnetic field) di-
rection. Atomic spins oriented along the light propaga-
tion direction generated ellipticity of the light field which
in turn produced unacceptably large light-power- and
magnetic-field-dependent shifts of the spin precession
frequencies. Our present experiment circumvents these
systematic effects by temporally separating pump and
probe stages, using unmodulated probe light, and by a
choice of experimental geometry where the probe beam
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3www.ann-phys.org
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Table 1 Parameters determining gyro-gravitational ratios χ and gyromagnetic ratios γ = g Fμ0 for 85Rb and 87Rb in the
ground-state hyperfine levels of interest.
Atom Ground electronic state Nuclear spin Total angular momentum g-factor Proton state χatom
85Rb 5s2S1/2 I = 5/2 F = 3 g F = 1/3 4 f5/2 16χe − 542χp
87Rb 5s2S1/2 I = 3/2 F = 2 g F = 1/2 3p3/2 14χe + 14χp
propagates in a direction orthogonal to the magnetic
field (Section 5).
2 Experimental concept
As noted in Section 1, a long-range spin-mass or spin-
gravity interaction can be parameterized in terms of
a GDM κ via κ = χσ , where χ = k/c is the “gyro-
gravitational ratio” for the particle. The χ for Rb atoms
can be calculated in terms of χe and χp, the gyro-
gravitational ratios for the electron and proton, respec-
tively, using the shell model to describe the nuclei. In a
given ground-state hyperfine level with total angularmo-
mentum F , the atomic GDM κatom(F ) is
κatom(F ) = χatom(F )F
= 〈Se · F 〉
F (F + 1) 〈F 〉χe +
〈I · F 〉
F (F + 1) 〈F 〉χnucl, (5)
where Se is the electron spin, I is the nuclear spin, and
χnucl is the nuclear gyro-gravitational ratio. In the nuclear
shell model [49], both Rb isotopes have valence protons,
and so the nuclear spin, magnetic moment, and nuclear
GDM are, to a good approximation, due entirely to the
proton. The nuclear GDM κnucl is thus given by
κnucl = χnucl I = 〈Sp · I〉I (I + 1) 〈I〉χp, (6)
where Sp is the proton spin and we have assumed, as
do most theoretical models [3, 21, 23–30], that there is
no contribution from orbital angular momentum. Rele-
vant parameters based on the above considerations are
presented for the two Rb isotopes in the probed ground-
state hyperfine levels in Table 1.
Ignoring temporarily other causes of spin precession,
the spin-precession frequencies for 85Rb and 87Rb in the
presence of themagnetic fieldB and Earth’s gravitational
field g are
85 ≈
∣∣∣∣γ85B +
(
1
6
χe − 542χp
)
g cosφ
∣∣∣∣ , (7)
87 ≈
∣∣∣∣γ87B +
(
1
4
χe + 14χp
)
g cosφ
∣∣∣∣ , (8)
where φ is the angle between B and g , γ85 and γ87 are the
gyromagnetic ratios (γ = g Fμ0, where g F is the Lande´ g -
factor and μ0 is the Bohr magneton) and the light prop-
agation direction is along B. In the above we neglect
contributions to the spin-precession frequency second-
order in g . To analyze the data, we construct the follow-
ing ratio:
R = 87 − 85
87 + 85 . (9)
To first order assuming γ B 	 χeg , χpg and neglect-
ing the effects of the nuclear magnetic moments, we
have
R± ≈
(
γ87 − γ85
γ87 + γ85
)(
1 ± 2.06χpg cosφ
μ0B
)
, (10)
where R+ is for positive B and R− is for negative B (rel-
ative to g). There is first-order cancelation of the effects
of an electron GDM in the ratio R, and near unity sen-
sitivity to the effects of a proton GDM. Measuring R =
R+ − R− yields a signal proportional only to the proton
GDM:
R ≈ 4.12
(
γ87 − γ85
γ87 + γ85
)(
χpg cosφ
μ0B
)
. (11)
The first-order cancelation of the electron GDM con-
tribution to R is a result of the fact that we measure
spin precession in the F = I + 1/2 ground state hyper-
fine level for both isotopes, so electron couplings con-
tribute in nearly identical ways to the measured values
of 85 and 87.
3 Experimental setup
A schematic diagram of the experimental setup used to
carry out simultaneous measurement of 85 and 87 is
shown in Fig. 2. At the heart of the experiment is a nat-
ural isotopic mixture of Rb vapor (72.2% 85Rb, 27.8%
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Figure 2 Right-hand side: schematic diagram of the experimental setup used to measure the spin precession frequencies of 85Rb and
87Rb and to search for a long-range spin-mass (spin-gravity) coupling (P = linear polarizer, M = mirror, PBS = polarizing beamsplitter,
λ/4 = quarter wave plate). Picture, upper left: schematic of the apparatus used to align the magnetic shield system and magnetic field
B along the Earth’s rotation axis E , and geometrical relationship to the local gravitational field g (this geometry is chosen to control
systematic errors related to the earth’s rotation, see Section 5.2).
87Rb) contained within an evacuated (residual pres-
sure ≈ 10−6 torr) spherical alkene-coated glass cell (di-
ameter = 5 cm). The alkene coating is 1-nonadecene
[CH2 − CH(CH2)16 − CH2] and the cell was prepared ac-
cording to procedures outlined in Ref. [42]. The partic-
ular cell we are using was measured to have longitudi-
nal spin relaxation times T1 ≈ 5 s limited by exchange
of atoms between the spherical bulb of the cell and the
stem which contains the Rb reservoir. Under typical op-
erating conditions, the spin relaxation rate due to wall
collisions is significantly smaller than the relaxation rate
due to spin-exchange collisions between the Rb atoms.
The vapor cell is mounted inside a frame manufac-
tured of HDPE (High Density Polyethylene) which is fit
inside the innermost layer of a five-layer magnetic shield
(manufactured by Amuneal Inc.) made of a 1-mm thick
high-permeability alloy, annealed in a hydrogen atmo-
sphere. Each layer of the shield consists of a cylindri-
cal center piece and two removable end caps. The outer
layers of the shield are spaced by styrofoam (polymerized
in place) and the innermost layer is spaced by melamine
foam to reduce acoustic noise. Four ports for access to
the inside of the shields are available on the cylindri-
cal pieces and one port is available on each end cap.
The shielding factor of the entire five-layer magnetic
shield system was measured for a nearly identical de-
sign to be better than 107 [51]. The foam spacing between
the shield layers provides thermal insulation in addition
to mechanical support. The temperature of the inner-
most shield layer is stabilized at 30◦C by a J-KEM Model
210 temperature controller using a T-type thermocou-
ple attached to the inner surface of the shield layer for
temperature measurement and resistive heating with a
twisted pair of wires wrapped about the outside of the
innermost shield layer. Stabilizing the shield tempera-
ture serves two functions: (1) it reduces temperature-
related drifts of residual magnetic fields from the
innermost shield and (2) it provides a stable, elevated
temperature environment for the Rb cell yielding vapor
densities of ≈ 2 × 1010 atoms/cm3.
A system of nine separate coils are wound in grooves
cut into the framemounted inside the innermost layer of
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 5www.ann-phys.org
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the shield. The system of coils was designed to provide,
over the volume of the Rb vapor cell, uniform magnetic
fields in three orthogonal directions (Bx, By, and Bz), lin-
ear magnetic field gradients in five directions (dBx/dx,
dBz/dz, dBx/dz, dBy/dz, dBy/dx), and a quadratic gradi-
ent along the shield axis (d2Bz/dz2). As a consequence
of Maxwell’s equations (∇ · B = 0 and ∇ × B = 0), con-
trol over the five linear magnetic field gradients is suffi-
cient to provide compensation of all nine possible lin-
ear gradients. Based on computer modeling (using the
Amperes program from Integrated Engineering Software
Inc.), the uniformity of the magnetic fields and linear-
ity/quadracity of the field gradients generated by the coil
system is at a part per thousand over the cell volume for
typical applied currents. It should be noted that effects
of uncompensated magnetic-field gradients are signif-
icantly reduced by motional averaging [50] (effects are
quadratic in the themagnitude of the gradient). The coils
are in series with a set of ultra-stable, low temperature
coefficient (low TC) resistors (Caddock Type USF 200 Se-
ries, zero nominal TC with TC  2 ppm/K). The volt-
age for the Bz coil is supplied by a precision DC volt-
age source (Krohn-Hite Model 523 calibrator, stability
±1 ppm) and voltages for the coils controlling Bx, By, and
field gradients are computer generated with a digital-to-
analog-converter (DAC,National Instruments PCI-6733).
In order to measure 85 and 87, a system of shutters
(Stanford Research SR474) is used to implement a tem-
porally separated pump/probe measurement scheme.
During the optical pumping stage (duration = 1 s), Rb
atoms are illuminated by two collinear, circularly polar-
ized pumpbeams propagating along−yˆ (orthogonal toB
which is along z), one tuned to the center of the Doppler-
broadened 85Rb D2 F = 3 → F ′ resonance and the other
tuned to the center of the Doppler-broadened 87Rb D1
F = 2 → F ′ = 1 resonance (F , F ′ are the total atomic
angular momenta of the ground and excited states, re-
spectively). The 780-nm D2 pump beam is generated
by a distributed feedback laser diode (EYP-DFB-0780-
00080-1500-TOC03 from Eagleyard Photonics) and the
795-nm D1 pump beam is produced by a tunable
external-cavity diode laser (Toptica DL100). The pump
beams are amplitude-modulated at frequencies close to
the respective Larmor frequencies of the isotopes us-
ing electro-optic modulators (EOMs, ThorLABs E0-AM-
NR-C1, not shown in Fig. 2) placed between crossed
calcite linear polarizers. The duty cycle for both pump
beams is 20%; during the period when the EOMs trans-
mit the pump light, the power of the D2 pump beam
incident on the Rb atoms is ≈ 55 μW and the power of
the D1 pump beam is ≈ 150 μW. These parameters were
chosen to maximize the transverse spin polarization for
both Rb isotopes. This synchronous optical pumping
generates atomic spin polarization transverse to B in
both isotopes precessing at their respective Larmor fre-
quencies. A third, collinear, circularly polarized re-pump
beam tuned to the center of the Doppler-broadened
87Rb D2 F = 1 → F ′ resonance transfers 87Rb atoms
pumped into the unobserved F = 1 ground-state hyper-
fine level back into the F = 2 hyperfine level (which,
taking into account natural isotopic abundances, yields
approximately equal signals for both isotopes). The
780-nm re-pump beam is produced by tunable external-
cavity diode laser (New Focus TLM 7000), with power ≈
750 μW. The diameters of the pump and re-pumpbeams
are ≈ 2mm.
During the optical probing stage (duration = 1 s),
a shutter blocks the pump and re-pump beams, and
shutters open to allow a linearly polarized probe laser
beam to propagate along −yˆ through the vapor and
into a polarimeter. The 780-nm D2 probe beam is pro-
duced by another tunable external-cavity diode laser
(Toptica DL100). The 85Rb and 87Rb precession frequen-
cies, 85 and 87, are measured by observing optical ro-
tation of the probe light. The frequency of the probe
beam is tuned≈ 3 GHz below the center frequency of the
Doppler-broadened 87Rb D2 F = 2 → F ′ resonance, the
power is ≈ 200 μW, and the beam diameter is ≈ 2 mm.
Prior to entering the vapor cell, the probe beam passes
through an antireflection-coated Glan Thomson linear
polarizer (calcite, extinction ratio 5 × 105 : 1). After exit-
ing the vapor cell, the beam is analyzed by a polarime-
ter consisting of aWollaston prism polarizing beamsplit-
ter (calcite, extinction ratio 105 : 1) whose output rays
are detected with a balanced photoreceiver (New Focus
Model 2307). The signal from the photoreceiver is sent
to a preamplifier (Stanford Research Systems SR560) and
then recorded on computer using an analog-to-digital
converter (National Instruments PCIe-6361) using a rou-
tine written in LabVIEW. The time base for the data ac-
quisition is provided by a 10MHz signal fromaRb atomic
frequency standard (Stanford Research Systems SIM940,
short-term stability  2 × 10−12 in 100 s) that is GPS-
disciplined with a 1 PPS signal (from a Communication
Navigation Surveillance Inc. CNS Clock II, with a long-
term accuracy better than a part in ≈ 1012). The accu-
rate time base ensures that 85 and 87 can be mea-
sured at the 10−8 Hz level over a long period of time for
data averaging. The pump and re-pump lasers are fre-
quency stabilized using dichroic atomic vapor laser locks
(DAVLLs) [52, 53]. The probe, pump, and re-pump beam
spectral purities are monitored with Fabry-Perot inter-
ferometers (ThorLABs SA200-5B) and the light powers
of each beam transmitted through separate uncoated Rb
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reference cells (natural isotopic mixture) are monitored
to ensure that the lasers remain properly tuned. (The
laser frequency locking and diagnostics setups are not
shown in Fig. 2.)
The picture in the upper left corner of the experimen-
tal setup diagram (Fig. 2) depicts the magnetic shield
mount used for mechanical alignment of the shield axis
z along the Earth’s rotation axis ˆE , which is important
for control of a systematic error related to the Earth’s ro-
tation (Section 5.2). The outermost shield layer is held
in place with an aluminum frame, which is bolted to
precision tilt and rotation stages (Newport TGN160 and
UTR120, respectively) attached to an optical breadboard
tilted from horizontal by an angle approximately equal
to the latitude of the laboratory (37◦39′24′′ N). By survey-
ing the laboratory (using Google Earth as well as GPS sig-
nals) and using an alignment laser propagating along the
shield axis (z) with a path length of ≈ 3m, we are able to
mechanically align the shield axis with the Earth’s rota-
tion axis to within 0.3◦. Prior to measurement of 85 and
87, B is carefully aligned along the z-axis using a laser
beam split off from the 780-nm probe beam by measur-
ingNMORwith frequencymodulated light [43,44,54,55].
The accuracy of the alignment ofB along the light propa-
gation direction k using NMOR [56] is much greater than
the mechanical alignment accuracy of the shield axis, so
the alignment of B parallel with ˆE is achieved with an
uncertainty of ≈ 0.3◦.
4 Initial data and projected statistical
sensitivity
Sample data acquired during the probe sequence are
shown in Fig. 3. The upper plot shows the optical rota-
tion signal acquired in the time domain for an applied
field of B ≈ 7.1443 mG oriented in the zˆ direction, and
the lower plot shows the absolute value of the Fourier
transform of the data set (carried out using a data analy-
sis routine written inMathematica). In the frequency do-
main, distinct resonant peaks in the Fourier transform
can be identified and correspond to 85 and 87. The
dominant contribution to these signals is from atoms in
the resonantly pumped 85Rb F = 3 ground state and the
87Rb F = 2 ground state, since the pump and re-pump
laser beam parameters are optimized for transverse spin
polarization of these states and the probe beam is tuned
closest to optical resonance with transitions from these
states.
In the time domain a slow beating is observed in
the optical rotation signal. The additional frequency
Figure 3 Upper plot: sample time-domain data from pump/probe
measurement of Rb spin precession using optical rotation. Inset
in upper right corner shows a subset of the data of total dura-
tion 10 ms (highlighted by the red box on the complete data set).
In the inset, fast beating is observed between sinusoidal signals
with frequencies 85 and 87. The applied magnetic field corre-
sponds to |B| ≈ 7.1443 mG. Slow beating can be observed in
the main time-domain plot between a dominant signal from 85Rb
atoms in the F = 3 ground state hyperfine level and a smaller-
amplitude signal from 85Rb atoms in the F = 2 ground state hy-
perfine level (the absolute value of the Lande´ g -factors of the two
ground state hyperfine levels differ due to the nuclear magnetic
moments, see Section 5.3). Lower plot: Fourier transform of the
time-domain data, showing resonances at 85 (lower-frequency
peak) and87 (higher-frequency peak).
component responsible for the beating arises from spin
precession of 85Rb atoms in the F = 2 ground state,
which has a slightly different Lande´ g -factor magnitude
than the F = 3 ground state because of the nuclear mag-
netic moment (this effect is discussed in detail in Sec-
tion 5.3). The 85Rb F = 2 ground state is slightly polar-
ized by nearly synchronous re-population pumping: a
fraction of the 85Rb atoms optically pumped from the
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 7www.ann-phys.org
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F = 3 ground state spontaneously decay from the 52P3/2
excited state back to the F = 2 ground state; the abso-
lute values of the Lande´ g -factors are close enough in
value that for sufficiently small magnetic fields a de-
tectable transverse spin polarization in the 85Rb F = 2
ground state can be created during the pumping stage.
(87Rb atoms in the F = 1 ground state contribute amuch
smaller amplitude signal for a variety of reasons, dis-
cussed in Section 5.3.)
Data analysis is carried out by fitting subsets of
the Fourier transformed optical rotation signal centered
around 85 and 87 to a Lorentzian function S(ω):
S(ω) =
√√√√
[
α
1 + (ω−

)2
]2
+
[
β(ω − )/
1 + (ω−

)2
]2
, (12)
where α and β are the amplitudes of the imaginary and
real components of the signal, respectively, ω is the fre-
quency, is the resonant spin-precession frequency, and
 is the resonance width (corresponding to the spin re-
laxation rate). To account for spin precession of 85Rb
atoms in the F = 2 ground state, additional real and
imaginary Lorentzian components of the signal can be
included in the fitting function for85. Under typical op-
erating conditions, /(2π) ≈ 1 Hz.
Fits to the data demonstrate a statistical sensitivity to
the spin precession frequency  of
δ
2π
≈ 100 μHz (13)
for a 1 smeasurement. Ultimately, the shot-noise-limited
(SNL) sensitivity δSNL of a spin-polarized atomic sam-
ple to precession frequencies is determined by the total
number of atoms N and the relaxation rate rel of the
atomic spin polarization (for measurement times τ 	
−1rel [58–60]):
δSNL ≈
√
rel
Nτ
. (14)
Under our experimental conditions, N ≈ 1012atoms and
rel ≈ 2π × 1 Hz (limited by spin-exchange collisions),
yielding δSNL ≈ 2π × 0.4 μHz for τ = 1 s. This sug-
gests that the measurement is not presently shot-noise-
limited, and further reduction in technical noise would
permit even better statistical sensitivity.
We are in the process ofmaking several modifications
to the apparatus in order to improve the sensitivity. Noise
from the balanced photoreceiver presently exceeds the
photon-shot-noise limit by a factor of ≈ 5, and therefore
we are upgrading the balanced photoreceiver in order
to achieve photon-shot-noise-limited polarimetry. Opti-
mization of the probe light power and detuning should
enable further improvement in sensitivity, since the pho-
ton shot-noise limit presently exceeds the atomic shot-
noise limit by over an order of magnitude.
Although comagnetometry significantly reduces
magnetic-field-related noise and systematic effects
from acquisition-to-acquisition, in our configuration
it does not improve the statistical uncertainty for a
single acquisition. Therefore magnetic field noise can
degrade the sensitivity. In particular, magnetic field
noise due to thermal Johnson currents in the innermost
mu-metal shield is estimated to contribute noise at the
100 μHz/
√
Hz level [61–63]. We are in the process of
replacing the innermost mu-metal shield with a non-
conducting ferrite shield, which has been demonstrated
to reduce thermal magnetic field noise [64].
We expect that these improvements to our appara-
tus should enable sensitivity to atomic spin precession at
the 10 μHz level for a 1 s measurement. Collecting data
for ≈ 106 s would then yield a statistical sensitivity of
≈ 10−8 Hz to anomalous spin-precession, sufficient to
search for a GDM signal corresponding to k ∼ 1 (Eq. (3)).
5 Systematic effects
5.1 General considerations
For a general consideration of systematic errors, it is
helpful to characterize the ways in which additional con-
tributions to the spin-precession frequencies for 85Rb
and 87Rb beyond Larmor precession can enter the ex-
pressions for 85 and 87, and, crucially, the comagne-
tometer signal R from which we will extract the GDM
coupling.
One useful way to characterize systematic errors is to
separate contributions to the spin precession frequen-
cies into those that reverse sign when the direction of B
is changed relative to g (B-odd terms, o) and those that
do not reverse sign (B-even terms,e). Depending on the
orientation of B relative to g , for each isotope we obtain
two different precession frequencies
± = L + e ± o, (15)
where L is the appropriate Larmor frequency. Some-
what counter-intuitively, any effect that causes spin pre-
cession in a fixed sense contributes a B-odd term. This
is because reversal of B reverses the sense of Larmor
precession, and it is the absolute value of the spin
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precession frequency that is measured in the experi-
ment. Thus spin-precession due to a GDM coupling is
a B-odd term contributing to o, and consequently B-
odd systematic errors are not suppressed in the comag-
netometer signal R. Assuming e = 0 and a B-odd sys-
tematic effect adding to the 87Rb precession frequency,
we have
R ≈ 9.6
(
γ87 − γ85
γ87 + γ85
)
o
μ0B
. (16)
Therefore B-odd systematic effects must be suppressed
or accounted for by other means.
In the case of perfect magnetic-field reversal, there
is no contribution of B-even terms to R. However, if
magnetic-field reversal is imperfect by an amount δB, B-
even systematic effects can lead to a nonzeroR. Assum-
ing o = 0 and a B-even systematic effect adding to the
87Rb precession frequency, we have
R ≈ 4.8
(
γ87 − γ85
γ87 + γ85
)
e
μ0B
δB
B
. (17)
Thus B-even systematic effects are suppressed relative
to B-odd effects by a factor ∼ δB/B which in our exper-
iment can be made  10−9 by taking advantage of the
high sensitivity of the setup to magnetic fields (under
typical experimental conditions, the applied magnetic
field is∼ 10 mG and themagnetometric sensitivity of the
apparatus is δB ∼ 10−11 G/√Hz).
Because our experiment employs a scalar measure-
ment scheme (see, e.g., Refs. [59, 60]) where the dom-
inant contribution to the spin precession frequency is
from Larmor precession induced by themagnetic fieldB,
we can also characterize spin precession in terms of con-
tributions || that add linearly to L and contributions
⊥ that add in quadrature to Larmor precession:
 =
√(
L + ||
)2 + (⊥)2, (18)
≈ L + || + 
2
⊥
2L
, (19)
where we have assumed that ||,⊥  L .
Certain systematic errors (such as light shifts) are
suppressed by arranging the experimental geometry so
that they contribute to  primarily as ⊥. Of course, im-
perfections in alignment inevitably mean that there is
some contribution of such systematic errors to both ||
and ⊥:
|| = err sinϕ ≈ ϕerr, (20)
⊥ = err cosϕ ≈
(
1 − ϕ
2
2
)
err, (21)
 ≈ L + ϕerr + 
2
err
2L
, (22)
where err is the amplitude of the systematic error and ϕ
is the misalignment angle from perfect orthogonality to
the leading field contribution. Experimentally, mechani-
cal alignment of the system can in most cases achieve at
best ϕ  5 × 10−3 rad (0.3◦). However, in the case of the
alignment of B parallel with or orthogonal to the light
propagation direction (represented by the wave vector
k), much better results can be achieved by employing
nonlinear magneto-optical effects that depend on the
angle betweenB and k [56]: ϕ  10−5 rad can be achieved
under typical operating conditions.
Other systematic errors cannot be sufficiently sup-
pressed using the above experimental geometry (for ex-
ample, the gyroscopic error introduced by rotation of
the Earth [31, 32, 57]). In these cases, the experiment
is arranged so that the error contributes to  primarily
as ||:
|| = err cosϕ ≈
(
1 − ϕ
2
2
)
err, (23)
⊥ = err sinϕ ≈ ϕerr, (24)
 ≈ L +
(
1 − ϕ
2
2
)
err + ϕ
22err
2L
. (25)
While this geometry offers no suppression err, the sys-
tematic uncertainty in the value of err due to apparatus
misalignment is quadratically suppressed. If err is inde-
pendently measured with sufficient accuracy, it can be
subtracted from the data.
The various systematic effects considered in this
section are summarized in Table 2, which lists their
estimated contribution to R. The most significant es-
timated source of systematic uncertainty in our ex-
periment is the effect of light shifts due to the resid-
ual ellipticity of the nominally linearly polarized probe
beam.
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Table 2 Estimated contribution of various systematic errors to
R for |B| = 7.1443 mG. The atomic shot-noise-limited
sensitivity of the setup under our experimental conditions,
N ≈ 1012 atoms and rel ≈ 2π × 1 Hz, is also listed for
comparison, along with our anticipated experimental
sensitivity (corresponding to δ = 2π × 10 μHz in 1 second
of integration). An integration time of 106 seconds is
assumed. For k = 1, χp = /c, leading to a spin-gravity
signal at the levelR ≈ 3 × 10−13.
Description R
Atomic shot-noise limit 4 × 10−14
Anticipated sensitivity 1 × 10−12
Gyro-compass effect 2 × 10−14
Nuclear magnetic moments < 10−16
Nonlinear Zeeman effect negligible
Light shifts < 10−12
Spin-exchange collisions 2 × 10−18
Magnetic field gradients & geometric phase < 10−16
Wall collisions < 10−16
5.2 Gyro-compass effect
Because the experimental apparatus is attached to the
Earth, while the atomic spins are decoupled from Earth’s
rotation, the experimental signal is sensitive to the ro-
tation rate of the Earth, E/(2π) ≈ 11.6 μHz. This ef-
fect, known as the gyro-compass effect [32] or the spin-
rotation effect [1], can be understood as the result of
viewing an inertial system, the atomic spins, from a non-
inertial frame, the surface of the rotating Earth. Uncer-
tainty in the magnitude of this B-odd systematic effect
can bemade quadratic in themisalignment of the exper-
imental apparatus (Eq. (25)) by orientingB along the axis
of Earth’s rotation ˆE [31]. This approach has been im-
plemented as shown in the picture at the top left of the
experimental setup diagram (Fig. 2).
Including the gyro-compass effect adds a B-odd spin-
precession frequency (o = E cos θ) to 85 and 87,
where θ describes the misalignment between Earth’s ro-
tation axis ˆE and B. Based on Eq. (16):
R ≈
(
γ87 − γ85
γ87 + γ85
)[
4.12
(
χpg cosφ
μ0B
)
− 2.4
(
E cos θ
μ0B
)]
.
(26)
The angle φ is now the resultant angle between g and ˆE
(φ equals 90◦ plus the latitude of the laboratory location,
about 37◦, so cosφ ≈ −0.6). We can control the orienta-
tion of B with respect to an auxiliary laser beam prop-
agating along zˆ to a level of better than 10−5 [56]. The
long lever arm of the laser beam (in combination with
GPS and aerial surveying) enables alignment of the aux-
iliary laser beampropagation directionwith ˆE to within
≈ 0.3◦ ≈ 5 × 10−3 rad, so that systematic uncertainty in
the gyro-compass effect due apparatus misalignment is
at the 3 × 10−10 Hz level. Thus errors due to the Earth’s
rotation can be well-controlled at our proposed level of
sensitivity.
5.3 Nuclear magnetic moments
Although nuclear magnetic moments are a thousand
times smaller than μ0, their effect on the observed spin
precession frequencies is clearly evident in the sample
data shown in Fig. 3, giving rise to a slow beating visible
in the time-domain signal shown in the upper plot. The
nuclearmagneticmomentmodifies the Lande´ factors for
the alkali ground state hyperfine levels [65,66]:
g F=I+ 12 =
2
2I + 1 − g I
μN
μ0
2I
2I + 1 , (27)
g F=I− 12 = −
2
2I + 1 − g I
μN
μ0
2(I + 1)
2I + 1 , (28)
where g I is the nuclear Lande´ factor (g I ≈ 0.539 for 85Rb,
g I ≈ 1.827 for 87Rb [67])μN is the nuclearmagneton, and
μN/μ0 ≈ 5 × 10−4. This creates a difference in the Lar-
mor frequencies for atoms in the two different ground
state hyperfine levels
nucl = L
(
F = I + 1
2
)
− L
(
F = I − 1
2
)
= −2g IμNB. (29)
For B ≈ 7.1443 mG as in the data shown in Fig. 3,
85Rb has nucl ≈ −2π × 5.9 Hz and 87Rb has
nucl ≈ −2π × 19.9 Hz. Off-resonant synchronous
optical pumping for the 85Rb F = 2 state is much more
efficient than that for the 87Rb F = 1 state because
of the smaller nucl. The signal from the 87Rb F = 1
state is additionally suppressed relative to the signal
from the 85Rb F = 2 state because the re-pump laser
beam depletes the 87Rb F = 1 state and the probe laser
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light is farther detuned from the 87Rb D2 F = 1 → F ′
resonance than from the 85Rb D2 F = 2 → F ′ resonance.
Consequently, only the dominant signals from the 85Rb
F = 3 and 87Rb F = 2 states, along with a much smaller
signal from the 85Rb F = 2 state which leads to the slow
beating observed in the time-domain signal in Fig. 3, are
easily detectable in the data.
In our data analysis, the three observable resonances
in the Fourier transformed optical rotation data are fit
directly, and modeling demonstrates that neglecting the
resonance associated with the 87Rb F = 1 state in our fit-
ting routine does not affect our analysis at the desired
level of accuracy. Fortunately, any first-order systematic
effect associated with the nuclear magnetic moments
manifests as a B-even systematic that is suppressed by
∼ δB/B ∼ 10−9 in the comagnetometer signal R as dis-
cussed in Section. 5.1.
5.4 Nonlinear Zeeman effect
The magnetic field also mixes Zeeman sublevels in dif-
ferent ground state hyperfine levels, leading the Zeeman
effect to acquire a nonlinear dependence on B. In our
experiment, the nonlinear Zeeman effect manifests as a
splitting of the Larmor resonances [68–71]. The splitting
of the resonances is symmetric about the unperturbed
Larmor frequency and smaller than the linewidth, there-
fore, to leading order, it does not contribute any system-
atic shift to the spin precession frequencies. The energy
E(F, MF ) of a particular ground state Zeeman sublevel
(MF is the projection of F along zˆ) of an alkali atom is
described by the Breit-Rabi formula [72]:
E(F = I ± 1/2, MF ) = −Ahfs4 − g IμNBMF
±Ahfs
4
(2I + 1)
√
1 + 4MFu
2I + 1 + u
2, (30)
where Ahfs is the alkali atom’s hyperfine structure con-
stant and u is the perturbation parameter given by:
u≡ g J μ0 + g IμN
2I + 1
2B
Ahfs
≈ 4
2I + 1
μ0B
Ahfs
, (31)
where g J ≈ 2 is the Lande´ g -factor for the electron. The
Breit-Rabi formula (Eq. (30)) can be expanded to second
order in u and the terms proportional to u2 can be iden-
tified as the nonlinear Zeeman shifts Enlz:
E nlz(F = I ± 1/2, MF )
= ±u2 Ahfs
8
(2I + 1)
(
1 − 4M
2
F
(2I + 1)2
)
. (32)
The term in Eq. (32) proportional to M2F ,
≈ ∓ 8
(2I + 1)3
μ20B
2
Ahfs
M2F , (33)
causes a nonlinear Zeeman shift of the Larmor frequen-
cies that splits a single spin-precession resonance into
multiple resonances. In the following we consider only
the F = I + 1/2 ground state hyperfine levels and define
the unperturbed Larmor frequency (0)L as the term lin-
ear in B,

(0)
L =
(
2
2I + 1μ0 − g IμN
2I
2I + 1
)
B. (34)
For the 85Rb F = 3 state, there appear six resonance fre-
quencies split symmetrically about (0)L :

(0)
L ± 5
8
(2I + 1)3
μ20B
2
Ahfs
,

(0)
L ± 3
8
(2I + 1)3
μ20B
2
Ahfs
,

(0)
L ± 1
8
(2I + 1)3
μ20B
2
Ahfs
.
(For the 87Rb F = 2 state there are four resonance fre-
quencies described by the latter four cases above.) For
B ≈ 7.1443 mG, as in the data shown in Fig. 3, the max-
imum splitting of the resonance frequencies is ≈ 0.2 Hz
for the 85Rb F = 3 state and ≈ 0.08 Hz for the 87Rb F = 2
state, in both cases smaller than the resonance linewidth
of ≈ 1 Hz. Any imbalance in the population of the Zee-
man sublevels associated with the different resonances
constitutes longitudinal spin polarization that does not
contribute to the spin precession signal. Therefore, in
some sense, the signal amplitudes for different reso-
nances are naturally balanced. Thus the only apparent
consequence of the nonlinear Zeeman effect under our
experimental conditions is a slight broadening of the
spin precession resonances.Nonetheless,measurements
will be carried out at different magnetic fields to test for
any magnetic-field-dependent systematic errors.
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 11www.ann-phys.org
O
rig
in
al
Pa
pe
r
D. F. Jackson Kimball et al.: A dual-isotope rubidium comagnetometer
5.5 Light shifts
The ac Stark effect due to the optical electric field of
the probe beam can cause light shifts of Zeeman sub-
levels, leading to shifts of the measured precession fre-
quencies for 85Rb and 87Rb. In general, ac Stark shifts
can be described in terms of scalar, vector, and tensor
polarizabilities [66, 73]. The scalar and tensor polariz-
abilities are described by rank-zero and rank-two oper-
ators, and thus their effect on atoms can be modeled as
a fictitious static electric field along the light polarization
axis; the vector polarizability is described by a rank-one
operator, and thus can be modeled as a fictitious static
magnetic field along the light propagation direction
kˆ [74–78].
For measurement of 85 and 87, it is the vector light
shift in particular that causes the most significant sys-
tematic effect. Although the probe beam is nominally
linearly polarized and detuned far from the Doppler-
broadened optical resonances, vector light shifts can still
arise due to residual ellipticity  induced in the beamdue
to birefringence of the vapor cell walls. Measurements of
the probe beam polarization before and after the cell us-
ing a ThorLABs PAX720IR1-T polarimeter system show
that  can be made  0.01◦ ≈ 2 × 10−4 rad.
The frequency shiftac associatedwith the vector po-
larizability is a B-odd systematic effect, and thus is not
suppressed in the comagnetometer signal R. However,
because k is orthogonal to B, there is a geometric sup-
pression according to Eq. (22). The quadratic correction
term in Eq. (22) can be neglected in our case, and we
have:
ac ≈ ϕ sin(2)Eac/ ≈ 2ϕEac/, (35)
where Eac is the vector light shift between adjacent
Zeeman sublevels (MF = 1) for left-circularly polarized
light along the quantization axis. Eac can be estimated,
for example, based on the formula from Ref. [78]:
Eac ≈ −|〈5S1/2|er |5P1/2〉|
2
9ω3/2
g F 〈|E0|2〉, (36)
where 〈5S1/2|er |5P1/2〉 ≈ 3ea0 is the transition dipole ma-
trix element between the 5S1/2 and 5P1/2 states, a0 is the
Bohr radius, ω3/2 is the detuning of the probe beam
from the D2 resonance, g F is the ground state Lande´
factor, and 〈|E0|2〉 is the average square of the optical
electric field experienced by the atoms. In calculating
〈|E0|2〉, one must take into account the fact that the ef-
fective optical electric field experienced by the atoms
is diluted by the ratio of the volume within the cell
illuminated by the probe light beam to the total volume
of the cell (for our experiment, the ratio≈ 2 × 10−3) since
the atoms spend only a small fraction of their time in the
probe light during the precession time [70]. For our typi-
cal probe light power of 200 μWanddetuning of≈ 3 GHz
below the center frequency of the Doppler-broadened
87RbD2 F = 2 → F ′ resonance, we estimate that the vec-
tor light shifts for 85Rb and 87Rb are given, respectively,
by
Eac(85) ≈ −2π × (3Hz), (37)
Eac(87) ≈ −2π × (1.3Hz). (38)
Because sensitive nonlinear magneto-optical effects can
be used to directly measure the angle between k and B
[56], it is actually feasible in our setup to constrain ϕ 
10−5 rad. Therefore, based on Eq. (35), ac  10−8 Hz,
and consequently light shifts are not expected to pre-
vent the experiment from reaching its sensitivity target.
Nevertheless, data will be taken at different probe light
powers to check for any systematic effects related to light
shifts.
5.6 Spin-exchange collisions
The dual-isotope Rb comagnetometer relies on inde-
pendent measurements of 85 and 87, so coupling be-
tween the two isotopes through spin-exchange (SE) col-
lisions can produce a systematic error. However, since
the experiment is carried out in a bias field of |B| ∼
10 mG and 85 = 87, in the frame rotating with each
isotope’s precession frequency, the spin-polarization of
the other isotope is time-averaged to nearly zero [79].
Nonetheless, there still appears a small SE frequency
shift [80]. Spin-exchange collisions tend to pull the pre-
cession frequencies toward a weighted average: SE col-
lisions that transfer atoms between ground state hyper-
fine levels of a single isotope reduce the measured spin
precession frequency since the gyromagnetic ratios have
opposite signs; SE collisions between Rb isotopes shift
85 to a higher frequency and 87 to a lower frequency
(cross-isotope SE shifts do not cancel because of the
larger statistical weights of the F = I + 1/2 hyperfine
levels).
An estimate of the scale of the SE frequency shift se
can be obtained by considering SE collisions between
ground state hyperfine levels of each individual iso-
tope. Under our experimental conditions, where the SE
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collision rate γse  L , we have Ref. [80]:
se ≈ − γ
2
se
18L
(
1 − 1
(2I + 1)2
)(
1 − 4
(2I + 1)2
)
. (39)
Under the experimental conditions for the data shown in
Fig. 3 (γse ≈ 2π × 1.3 Hz,85 ≈ 2π × 3334 Hz, and87 ≈
2π × 5001 Hz):
se(85) ≈ −2π × 2.3 × 10−5 Hz, (40)
se(87) ≈ −2π × 1.3 × 10−5 Hz. (41)
Crucially, SE frequency shifts are B-even and so their ef-
fect on the comagnetometer signal R is described by
Eq. (17), thus suppressing any SE collision-related sys-
tematic effects by ∼ δB/B ∼ 10−9. Because of the sup-
pression of se in R, systematic effects due to SE col-
lisions between atoms are negligible in our experiment.
5.7 Other systematic effects
Another concern is the effect of magnetic field gradi-
ents which cause 85Rb and 87Rb atoms to, on a ran-
dom basis, sample different magnetic fields, reducing
the effectiveness of the comagnetometry scheme. Field
gradients are nulled using auxiliary measurements to 
10−7 G/cm in all directions [50]. Effects of gradients are
further reduced due to motional averaging in the evacu-
ated antirelaxation-coated cells: atoms typically bounce
off of the cell walls  105 times between interactions
with the laser beam [42]. For a sample of ∼ 1012 atoms,
this creates uncertainty at the nHz/
√
Hz level, well be-
low our statistical sensitivity to spin precession. Further-
more, systematic frequency shifts related to the geomet-
ric (Berry’s) phase [81] are proportional to gradients, and
are estimated to be less than a nHz under typical experi-
mental conditions based on the analysis of Ref. [82].
Wall collisions can produce quadrupolar splittings of
spin precession frequencies due interaction of atomic
spins with surface electric field gradients [31]. In our ex-
periment, wall collisions should produce negligibly small
shifts of 85 and 87 since the vapor cell employs an
amorphous antirelaxation coating and is spherical in
shape, so that, to a high precision, there is no preferred
direction in the cell. We can estimate that in the worst-
case scenario the contribution to a cell-related shift is on
the order of thewall relaxation rate (∼ 10−2 Hz) times the
square of the ratio of the size of the opening to the stem
that contains the alkali metal sample (≈ 10−2 cm2) to the
inner surface area of the cell (≈ 80 cm2):  10−10 Hz.
6 Conclusion
An experiment measuring spin precession frequencies
of overlapping ensembles of 85Rb and 87Rb atoms con-
tained within an evacuated, antirelaxation-coated va-
por cell can be used to search for presently uncon-
strained anomalous long-range spin-mass couplings.
Synchronous optical pumping with circularly polarized
light is used to generate spin polarization transverse to
an applied magnetic field and optical rotation of a lin-
early polarized probe beam is used to measure the 85Rb
and 87Rb spin precession frequencies. The Earth is used
as the source mass. The present statistical sensitivity of
the apparatus to spin precession frequencies is 10−4 Hz
in one second of integration, with a shot-noise-projected
sensitivity exceeding this level by over two orders ofmag-
nitude. A variety of systematic errors are considered,
and all known sources of error can be controlled at the
10−8 Hz level.
There are several promising and potentially more
sensitive approaches to searching for long-range spin-
mass couplings, including the use of spin-exchange-
relaxation free (SERF) comagnetometers [57, 83, 84],
3He/129Xe free-precession comagnetometers [85], and
liquid state nuclear-spin comagnetometers [86]. How-
ever, there are experimental challenges to applying each
of these alternative approaches to a search for long-range
spin-mass couplings. For example, it is potentially diffi-
cult to distinguish the coupling of spins to the local grav-
itational field from other lab-fixed backgrounds with a
SERF comagnetometer [83], andmagnetic field gradients
may be an issue for liquid state nuclear-spin comagne-
tometers [86].
These same techniques can also be applied to search
for long-range anomalous spin-spin interactions using
polarized electrons in the Earth [87].
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Superallowed β-decay strengths or correctedFt values pro-
vide some of the most stringent limits for physics beyond
the standard three-quark model. For this reason, the QEC -
value 10C has been measured and found to be 3468.31(51)
keV with the TITAN Penning trap mass spectrometer. The fa-
cility is unique in coupling such an online spectrometer to
a charge breeder, permitting a mass measurement of an-
other superallowed β-emitter, 74Rb, in the 8+ charge state.
An overview of the TITAN facility and recent highlights are
presented alongside the new QEC -value determination
of 10C.
1 Introduction
Measurements of the atomic mass, by way of the atomic
binding energy, yield invaluable insight into the under-
lying nuclear structure, which in turn affects our un-
derstanding of nucleosynthesis, neutrino physics, and
the standard model. Comparisons of measured and pre-
dicted mass values of neutron-rich calcium isotopes
have showcased the role of three-body forces. Precise
and accurate Q-value measurements for double β de-
cay refine the search for neutrinoless double β decays.
Among the most exacting limits on physics beyond the
standard model have been achieved by studies of super-
allowed β decay.
The superallowed transition is attractive as its
strength, or f t value, is nearly independent of nuclear-
structure ambiguities and relies solely on the vector
part of the weak interaction. Studies of superallowed
β decay spanning several decades [1] have improved
the up-down quark mixing element of the Cabbibo-
Kobayashi-Maskawa (CKM) matrix Vud, have provided
the most stringent confirmation of the conserved vector
current (CVC) hypothesis, have contributed to the most
exacting test of the unitarity of the CKM matrix, and
have reduced the limit on scalar currents. If the CVC
hypothesis is correct, then the vector coupling constant
G V and therefore the “corrected” Ft values should be
identical. (The relation between G V and the experimen-
tal f t requires radiative and isospin-symmetry-breaking
corrections; see [1] for a detailed description.) If the
maximum positron energy in the decay is Q, then the
phase space factor is approximately proportional to Q5,
and the uncertainty δQ weighs five times more than any
other parameter in the uncertainty of Ft value. For this
reason, a Penning trap QEC -value determination of 10C
was performed at TRIUMF’s Ion Trap for Atomic and
Nuclear science (TITAN) [2].
Penning trap mass spectrometry (PTMS) has become
the leading technique for accurate and precise mass val-
ues [3]. It relies on the determination of the cyclotron
frequency, from which the mass can easily be extracted.
The technique is being advanced at TITAN with mea-
surements on radionuclides with half lives as low as
9 ms [4] and on highly charged radioactive ions [5]. The
latter can improve the precision, permit less beam time
requirements [6], and improve the separation of isobars
and low-lying isomers [7]. Fast measurement cycles and
the use of highly charged ions (HCI) have allowed us to
perform measurements despite the constraints due to
short half lives and low yields. In this article, we present
an overview of the TITAN facility and recent highlights
including the new QEC -value determination of 10C.
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Figure 1 A schematic of the TITAN facility. The principle components are the radiofrequency quadrupole (RFQ) beam cooler and buncher,
the electron beam ion trap (EBIT), the Bradbury-Nielsen gate (BNG), and the measurement Penning trap (MPET). The blue arrow indicates
the path of singly charged ion (SCI) bunches. Reverse extraction from the RFQ directs cooled ion bunches to the collinear laser spec-
troscopy experiment. Forward extraction sends them to either the MPET for mass measurement or the EBIT for charge breeding. The
green arrow indicates the path of highly charged ion (HCI) bunches.
2 The TITAN facility
TITAN is situated at TRIUMF’s Isotope Separator and
ACcelerator (ISAC) rare isotope production facility [8].
Radioactive ions are created by bombarding a thick ISOL
target with 500-MeV protons at currents up to 100 μA.
The radioisotopes diffuse out of the target and are ion-
ized by surface ionization, FEBIAD [9], or TRIUMF’s reso-
nant ionization laser ion source (TRILIS) [10,11]. A mass-
separating magnet system (resolving power ≈2500) is
used to eliminate any non-isobaric contaminants. The
20-keV beam is then transported to the TITAN experi-
ment. Figure 1 shows a schematic of the TITAN beamline
and the four principle components: the radiofrequency
quadrupole (RFQ) beam cooler and buncher, the elec-
tron beam ion trap (EBIT), the Bradbury-Nielsen gate
(BNG), and the measurement Penning trap (MPET).
Each piece can be operated as a stand alone unit and
optimized with an offline ion source.
2.1 The RFQ beam cooler and buncher
The TITAN RFQ [12,13] accumulates, cools, and bunches
the beam in a single-stage linear Paul trap filled with H2
or He buffer gas. Accumulation is achieved by segmenta-
tion of the trapping structure in the axial direction to ap-
ply an appropriate DC gradient, and cooling is realized
through collisions with the neutral buffer gas. The trans-
verse RF field radially confines the ions for the duration
of the trapping.
Two features are unique compared to beam cooler
and bunchers at similar facilities like ISOLTRAP [14],
JYFLTRAP [15], SHIPTRAP [16], and LEBIT [17]: its
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digital RF driver and symmetric extraction capability.
Ion trajectories are stable for certain combinations of
RF frequency and amplitude given the RFQ’s physical
dimensions and the ion’s mass-to-charge ratio m/q,
which can vary by a factor of 30 at TITAN (from Li to Fr).
Higher amplitudes increase the space charge limit and
thus the ISAC beam acceptance (design limit 50π mm
mrad transverse emittance). Consequently, the RF driver
approach is to pair up and down MOSFET switches
to generate a square wave for high RF amplitudes
(≤ 400 Vpp) over a broad frequency range, 0.2-1.2 MHz.
The TITAN RFQ allows forward and reverse extraction.
In the reverse extraction, the bunches are extracted from
the injection side of the RFQ and directed to the collinear
laser spectroscopy experiment [18]. In the forward di-
rection, the bunched ions are transported at a variable
energy, typically 2 keV, and delivered to subsequent ion
traps, either the Penning trap or the EBIT for charge
breeding prior to the mass measurement.
2.2 The electron beam ion trap
The TITAN EBIT [19, 20] was designed and built in col-
laboration with the Max-Planck-Institut fu¨r Kernphysik
(MPI-K) for fast, efficient, and universal charge breed-
ing. The positive ions are radially confined by the space
charge of a high-current electron beam compressed by
a strong magnetic field generated by a pair of super-
conducting Helmholtz coils. With field strengths as high
as 6 T, the magnetic field also provides additional ra-
dial confinement of the highly charged ions (HCI). The
potential applied to the trap electrodes axially traps the
ions. Successive electron impact ionization produces
higher charge states while the electron beam energy de-
fines the maximum charge state achievable, which is
Z dependent. The primary advantages of an EBIT over
other charge breeders are the high charge states achiev-
able and the narrow charge state distribution. The charge
state distribution can be adjusted with an appropriate
choice of electron beam energy and density to prefer-
entially populate the desired charge state. The highest
charge state created thus far at TITAN has been 33+ with
124Cs and for a radioactive mass measurement 22+ with
71Ge [21]. The design specifications of the TITAN EBIT
can be found in Table 1.
The initial motivation to use HCI in Penning trap
mass spectrometry (PTMS) was to boost the precision
since δm/m scales inversely with the charge state. This
was demonstrated first in the mass measurement of
74Rb8+ [5], as will be described below in more detail.
Further experiments have been performed to investi-
Table 1 TITAN EBIT maximum design specifications.
Parameter Design Limit
Magnetic field ≤6 T
Electron beam energy ≤70 keV
Electron beam current ≤5 A
Estimated max current density ∼104 A/cm2
gate gains in beam purity. The separation of isobars
and low-lying isomers with the ion of interest increases
with the charge state, leading to better resolution in the
Penning trap. A proof-of-principle experiment was per-
formed to separate the 111-keV isomer in 78Rb from its
ground state [7], and the measured energy difference was
found to be in agreement with earlier measurements.
Another advance with HCI is threshold charge breeding
for isobaric separation. The method was developed for
the QEC -value measurement of 71Ge [22], for which it
was used in combination with TRILIS. Since a strong Ge
beam required resonant laser ionization, the ISAC beam
composition could be either a mono-isotopic beam of
71Ga+ or a mixed beam of 71Ga+/71Ge+ by blocking or not
blocking the lasers respectively. The electron beam en-
ergy was tuned below the ionization potential of the Ne-
like charge states 71Ga21+ and 71Ge22+; hence, the 71Ga22+
and 71Ge23+ states could not be produced. The time-of-
flight mass filter (sec. 2.3) was adjusted to select the 21+
charge state when the lasers were blocked and the 22+
charge state when the lasers were not. As a result, mono-
isotopic and mono-isoelectronic ion bunches were cap-
tured in MPET, allowing a clean determination of the
QEC -value. Our result determined unambiguously that
the QEC -value cannot be the source of the calibration
discrepancy [23] observed in the measured-to-predicted
event rate ratios at the solar neutrino experiments SAGE
[24, 25] and GALLEX [26–28].
2.3 m/q Selection
Contaminants always pose a challenge at online facili-
ties operating with a moderate resolution separator. A
Bradbury-Nielsen gate (BNG) [29] was installed immedi-
ately upstream of the Penning trap. The desired m/q is
selected by its time of flight (TOF) from either the RFQ or
the EBIT. A BNG places two sets of evenly spaced wires
parallel to each other. Equal but opposite polarity volt-
ages are applied to each set of wires, deflecting ions with
undesired m/q ratios. When the ions with the desired
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3www.ann-phys.org
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Figure 2 Resonances of 10C+, in which the average time of flight
is plotted for the excitation frequency νRF . (a) The conventional
excitation scheme was used, in which the RF is applied continu-
ously over the excitation time, here TRF = 76 ms. (b) A Ramsey
excitation scheme of 8-21-8mswas implemented, where two 8-ms
pulses of RF are separated in time by 21ms. The solid curves are fits
of the theoretical line shape [34, 36] to the data. The center of the
resonance occurs at the cyclotron frequency, 2πνc = q/m · B,
from which the mass of an ion can easily be extracted.
m/q approach, all wires are placed on ground, allowing
the ions to reach MPET.
2.4 The measurement Penning trap
The TITAN measurement Penning trap (MPET) [30, 31]
consists of a pair of hyperbolic end caps and a hy-
perbolic ring electrode. The potential difference across
these electrodes creates a weak electrostatic quadrupole
field for axial confinement while a strong 3.7 T su-
perconducting solenoidal magnetic field provides radial
confinement. PTMS relies on the determination of the
cyclotron frequency 2πνc = q/m · B, where B is the mag-
netic field strength. At TITAN the time-of-flight ion-
cyclotron-resonance (TOF-ICR) method [32, 33] has
been adopted to accommodate the short half-lives of the
radioactive ions. Ions are trapped, driven continuously at
an RF frequency νRF near νc for the duration TRF , and ex-
tracted from MPET. Their TOF to an MCP detector out-
side the magnetic field is recorded as a function of νRF .
When νRF = νc, the ions experience a dramatic increase
in energy, which can be observed as a decrease in the
TOF. A typical resonance is shown in Fig. 2a. The width of
the resonance νF WH M depends solely on TRF [33] and
is independent of q/m or B. The statistical uncertainty
can be reduced by a factor of 2-3 by using the Ramsey
method of separated RF fields [34, 35], in which the exci-
tation is applied as two pulses separated by a waiting pe-
riod. A resonance of 10C+ excited with a Ramsey scheme
is shown in Fig. 2b, where two 8-ms RF pulses were sepa-
rated by a 21-ms waiting period (denoted as 8-21-8 ms in
this article).
The measurement precision [37] can be described
by
δm
m
= κm
qBTRF
√
N
(1)
where
√
N is a statistical factor, TRF is the excitation
time, and κ is a setup-specific parameter close to 1. The
charge state can be increased up to Z+ (i.e. a bare ion)
with a possible enhancement in the precision by a fac-
tor up to Z. Unfortunately, the remaining variables of-
fer perhaps 2-3 times improved precision and are lim-
ited by other factors: The statistical factor is limited by
the yield of the radionuclide and the length of beam
time. The magnetic field must meet strict requirements
for uniformity in the trapping region. And, the excitation
time cannot greatly exceed the radionuclide’s half life. At
present, typical precisions of TITAN mass measurements
are ∼10−8 for HCI and SCI, but can reach as low as 10−9.
To extract the mass from the cyclotron frequency
requires precise calibration of the magnetic field. Cy-
clotron frequency measurements of the radioactive ion is
interleaved with those of a stable ion with a well known
mass. Therefore, the primary experimental result is the
ratio of their cyclotron frequencies, which can be related
to their masses by
R = νc,ref
νc
· q
qref
= m
mref
(2)
where the subscript ref refers to the reference ion. Typi-
cally, the reference ion is chosen to have its mass num-
ber and charge state as close to (if not the same) as the
radioactive ion to minimize sources of systematic uncer-
tainty.
3 Results and discussion
3.1 New Q EC-value determination of the superallowed
β-emitter 10C
The 10C+ and 10B+ ions were produced by bombarding
a NiO target with 500-MeV protons (i = 20 μA). The
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10C+/10B+ ratio was roughly 1:20. The ions were cooled
with He buffer gas and bunched in the RFQ, and then
they were sent directly to MPET as SCI. Prior to the cy-
clotron frequency determination, dipole cleaning [38]
was applied to remove one species from MPET since
simultaneous storage of ions may cause a shift in the
measured frequency [39]. Resonances were taken with
conventional (single RF pulse) excitation (TRF = 27, 37,
76 ms) and Ramsey excitation (8-21-8 ms) schemes. Typ-
ical resonances are shown in Fig. 2.
The cyclotron frequency ratio was determined to be
0.999 608 973(55). Relativistic and mass-dependent ef-
fects canceled as both ion species had the same A/q and
experienced the same electric and magnetic forces. The
drift in the magnetic field was monitored, and nonlinear
temporal field changes were negligible (0.04 ppb/h [31])
compared to the statistical uncertainty since 10B+ mea-
surements were typically separated by ≤40 minutes. Two
steps were taken to account for the effects of ion-ion in-
teractions [39]. First, we only considered ion bunches
with one detected ion although the average detection
rate was 1/bunch for 10B+ and 0.05/bunch for 10C+. Sec-
ond, to be conservative, we performed a so-called count
class analysis [40] for 10B+; however, statistics were too
low for 10C+ to do a count class analysis. Instead, we com-
pared the cyclotron frequency determined with one de-
tected 10C+ per bunch to that with all detected ions per
bunch. The difference in the ratios was added in quadra-
ture to the statistical uncertainty.
The cyclotron frequency ratio of 10B+ to 10C+ can be
related to the QEC -value:
QEC = (R − 1)(MB − me) (3)
where the subscript B refers to the daughter 10B+ and
me is the electron mass. In eq. (3), we have used that
both ions are singly charged and neglected the differ-
ence in electron binding energies (≈3 eV [41]). We find
QEC = 3648.34(51) keV. As can be seen in Table 2, our
value agrees within 1σ with the two most recent mea-
surements [42, 43], upon which the Atomic Mass Evalu-
ation 2012 (AME12) is based [44].
The slight increase in the 10C QEC -value by the Pen-
ning trap mass measurements compared to earlier reac-
tions data [1, 44] resurrects the possibility of scalar cur-
rents [43] by raising the 10CFt value just outside the error
bars from the average of all other Ft values. However, as
the uncertainty in its Ft value is dominated by the un-
certainty in the branching ratio [1], an improved mea-
surement in the 10C branching ratio is required as well
as a higher 14OFt value to confirm the presence of scalar
currents.
Table 2 A comparison of QEC -value measurements of 10C.
Note that the authors of AME12 [44] increased the central
value in ref. [42] by 10 eV and inflated its error to 0.70 keV in
their evaluation although the original values are tabulated.
Method QE C (keV) Ref.
10C(p,n)10B 3647.95(12) [42]
Penning trap 3648.12(8) [43]
AME12 3648.064(69) [44]
Penning trap 3648.34(51) this work
3.2 Use of HCI for Q EC-value determinations of
superallowed β emitters
While low-Z superallowed β-emitters are more sensitive
to the presence of scalar currents (if they exist), those
with high Z allow one to better distinguish between
conflicting nuclear models since the isospin-symmetry-
breaking correction δC scales as Z2. The heaviest of
all superallowed β emitters is 74Rb, whose mass was
measured at TITAN [5]. By charge breeding to the 8+
charge state and using the Ramsey excitation scheme, TI-
TAN achieved a comparable precision (δm/m = 10−7) to
ISOLTRAP in less than half the time. With the weighted
average of the TITAN and ISOLTRAP mass values, the
uncertainties of the QEC -value and δC now contribute
roughly the same weight to the uncertainty of the Ft.
Further reductions in 74Rb δQ could be made by mea-
suring the QEC -value directly, as was done for 10C, and
to charge breed to higher charge states, for example to
≈27+.
Generally speaking the advent of PTMS has substan-
tially improved our knowledge of superallowed β decay
with its superior accuracy and precision compared to
the earlier charge exchange measurements. As reaction-
based experiments are susceptible to different sources of
systematic error, our confidence is increased for cases of
agreement between them and PTMS. On the other hand,
the consistent disagreement of a series of reaction-type
measurements [45] led to their rejection in the most re-
cent survey of superallowed β emitters (see [1] and the
detailed discussion therein). The increasing precision of
the Penning-trap results has matched and now often sur-
passes that of reaction-based measurements. Over the
past decade, PTMS has played a crucial role in reduc-
ing the uncertainty of Ft values, and yet gains can still
be made.
Fast beam preparation, purity of trapped ions, and
TRF play crucial roles in reducing δQ. As demonstrated
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for 74Rb, HCI can permit the same achievable preci-
sion with shorter TRF or less ions than SCI. This offers
a distinct advantage for superallowed β emitters close to
the driplines which usually suffer poor production rates
and/or short half lives. In addition to increasing the sep-
aration of isobaric and isomeric contamination from the
ion of interest, charge breeding breaks up molecular ions
in the EBIT; simultaneously trapped contaminant ions
may shift the measured cyclotron frequency [39]. Since
charge breeding can be performed in a few milliseconds,
even the shortest-lived superallowed β emitters can be
charge bred: 74Rb (T1/2 = 65 ms), 70Br (T1/2 = 79 ms), and
66As (T1/2 = 96 ms). The additional time does not nec-
essarily lengthen the total beam preparation time sub-
stantially. It should be noted that the advantages offered
by HCI can be tempered by efficiency losses due to the
charge breeding process [6], e.g. non-unity breeding into
the desired charge state and decay losses. The q
√
N de-
pendence in eq. (1) dictates that these losses must be less
than a factor of q2 for charge breeding to be favorable.
Nonetheless as the first PTMS experiment with radioac-
tive HCI, the 74Rb mass measurement opened the door
to this previously unexplored opportunity.
3.3 Investigations of the r -process near A ≈ 100
Medium- to heavy-mass nuclides approaching the lim-
its of nuclear existence typically suffer low production
rates, making them more difficult to be studied. Unfor-
tunately, these very nuclides are often expected to take
part in the rapid neutron capture (r-) process if close to
the neutron dripline or in the rapid proton capture (rp-)
process if close to the proton dripline [46, 47]. These
processes are believed to be responsible for the pro-
duction of elements heavier than iron and may occur
in core collapse supernova explosions and X-ray bursts
respectively. Mass measurements assist in determining
the energetically allowed pathways. Neutron-rich Rb iso-
topes around A = 100 lie along the r-process path [48],
and their mass uncertainties were of order 10-100 keV
or simply unknown [49]. By charge breeding 94,97−98Rb
isotopes and neighboring 94,97−99Sr isotopes to the 15+
charge state, TITAN determined their masses with un-
certainties less than 4 keV and deviations up to 11σ from
the accepted values, which were mostly determined with
β-endpoint energies. A global mass evaluation in the
region was performed and used to predict the final
abundances in a parameterized fully dynamic r-process
model based on [50], which includes high-entropy
winds. The small TITAN mass uncertainties elimi-
nated fluctuations in the predicted final abundances for
A = 90-100. Mainly due to the large deviations, our mea-
surements significantly changed the composition and af-
fected abundances as light as A = 70. Our calculation also
shifts the r-process path toward more neutron-rich nu-
clei.
The TITAN mass values and other mass measure-
ments from ISOLTRAP [51, 52] and JYFLTRAP [53–55]
form a consistent map of the mass surface of nuclides
near A = 100 and far from the valley of stability. The un-
usual topography illuminates the nuclear shape transi-
tion from N = 59 to N = 61. The strong deformation of
the ground state extends from Kr to Tc (Z = 36-43).
3.4 Understanding the role of three-body forces in
neutron-rich K and Ca isotopes
Deformation and other interesting nuclear structure can
be revealed by unusual features in the mass surface.
Among exotic nuclides, expected magic numbers may
disappear and new ones may appear [56], such as those
expected at N = 32, 34 in neutron-rich Ca isotopes
[57]. TITAN scientists pursued mass measurements of
neutron-rich K and Ca isotopes in order to verify this pre-
diction [58, 59]. Our values revealed several deviations
with accepted values [49], as much as 10σ for 49K and as
large as 1.7 MeV for 52Ca. Consequently the N = 28 shell
gap (as measured by the three-point binding energy dif-
ference) is 1 MeV stronger than previously believed [58].
The measured slope of the two-neutron separation en-
ergy flattened dramatically for N = 30-32.
Ca isotopes are particularly useful to theorists, pos-
sessing two doubly magic stable isotopes, which act as
calibrations of theoretical predictions, serve as closed
cores for construction of nuclear-shell-model wavefunc-
tions, and provide benchmarks for predictions. Calcula-
tions were performed using chiral effective field theory
with two approaches, the coupled-cluster method [60]
and consistent calculations using many-body perturba-
tion theory [59]. Both approaches required the inclusion
of three-body forces to achieve good agreement with the
experimental data.
4 Summary and outlook
All of the mass measurement campaigns we have de-
scribed are being continued at TITAN. For neutron-rich
Ca isotopes, we plan to measure strength of the pre-
dicted N = 34 subshell closure and to elucidate the role of
three-body forces. An extension of mass measurements
of neutron-rich Rb and Sr isotopes will not only aid
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r-process predictions but also provide the first empirical
values for A ≥ 100 in Rb and A ≥ 103 in Sr. Among the
superallowed β emitters, we have newly measured the
QEC -value of 10C and confirmed the value determined
at JYFLTRAP [43]. The slightly enhanced Ft value hints
at non-zero scalar currents, but confirmation requires a
reduction in the branching ratio and a higher Ft value
in 14O. We plan to measure the latter, which is the only su-
perallowed β emitter not yet measured via PTMS. We also
would like to reduce the uncertainties in the QEC -values
of 66As and 70Br, whose uncertainties are prohibitively
large to contribute meaningfully to a test of the CVC hy-
pothesis. They are also well suited to distinguish between
conflicting evaluations of δC due to their large Z like 74Rb.
As demonstrated in the mass measurement of 74Rb,
the precision in PTMS can be improved by charge breed-
ing the radionuclides. Systematic studies with HCI at
the ppb level will be performed to establish the accu-
racy of the TITAN Penning trap mass spectrometer with
HCI in the same manner as was done for SCI [31]. Con-
firmation of the accuracy of HCI at this level and im-
proved vacuum (to avoid charge exchange of HCI with
residual background) will clear the way for a new class
of online mass measurements which, when combined
with Ramsey excitation, may offer up to two orders of
magnitude improved precision versus conventional SCI-
TOF-ICR. This gain can be invaluable for tests of fun-
damental interactions, like the CVC hypothesis and the
unitarity of the CKM matrix. For nuclear structure and
astrophysics, the experimental precision with SCI suf-
fices; nonetheless, highly charged radionuclides may re-
duce beam time requirements, permitting faster mass
cartography or the same precision despite low produc-
tion rates and very short half lives. Furthermore, the
charge breeding process better separates low-lying iso-
mers or nearby isobars from the ion of interest as shown
for 78Rb8+ and 71Ge21+. It can also be used to improve
beam purity like with threshold charge breeding. TITAN
has established the merit of PTMS with charge bred ra-
dionuclides, and future experiments with HCI are highly
promising.
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The fine structure constant α has a particular status in
physics. Its precise determination is required to test the
quantum electrodynamics (QED) theory. The constant α is
also a keystone for the determination of other fundamen-
tal physical constants, especially the ones involved in the
framework of the future International System of units. This
paper presents Paris experiment, where the fine structure
constant is determined by measuring the recoil velocity of
a rubidium atom when it absorbs a photon. The impact of
the recent improvement of QED calculations of the electron
moment anomaly and the recent measurement of the ce-
sium atom recoil at Berkeley will be discussed. The oppor-
tunity to provide a precise value of the ratio h/mu between
the Planck constant and the atomic mass constant will be
investigated.
1 Introduction
Since its discovery at the beginning of the 20th century
up to nowadays, the fine structure constant α remains
one of the most fascinating fundamental constants, as it
is dimensionless. Currently it plays a central role in the
Physics of the 21st century by testing the most accurate
theories such as quantum electrodynamics (QED) [1–3],
testing the stability of fundamental constants (α˙/α) (for
example see review by J.P. Uzan [4]) but also in a practi-
cal way in the proposed redefinition of the international
system of units (SI) [5].
The name of the fine structure constant derives from
the Sommerfeld model [6]. It was intended to explain
the fine structure of the hydrogen spectral lines, unac-
counted for in the Bohr model. The Sommerfeld model
combines the theory of relativity with the Bohr model.
The constant α appears in the velocity of the electron (ve)
on its first orbit around the proton (ve = α × c, where c is
the velocity of light). The expression for α is:
α = e
2
4π0c
(1)
where e is the charge of the electron, 0 the vacuum per-
mittivity and  = h/2π in which h is the Planck constant.
The Sommerfeld model failed because it didn’t take
into account the spin of the electron. Nevertheless the
constant introduced in this model is still relevant in the
Dirac model which combines relativity and quantum
mechanics [7]. This model predicts the existence of the
positron and the spin of the electron! In 1947 a new ef-
fect from which the value of α can be deduced was dis-
covered: the vacuum quantum fluctuations which con-
tribute to the splitting of 2S1/2 and 2P1/2 energy levels in
hydrogen (now usually called the Lamb shift) [8, 9] and
also contribute to the anomaly of the gyromagnetic fac-
tor of leptons [10,11].
Indeed the modern understanding of α is that it
sets the scale of the electromagnetic interaction. Con-
sequently many experiments in which a charged parti-
cle interacts with an electromagnetic field can be used
to determine α. In 1998, the experiments considered by
the CODATA task group on fundamental constants to
give the best estimate of the fine structure constant value
ranged from solid state physics and atomic physics to
quantum electrodynamics [12].
As shown in figure 1, the current most precise de-
termination of the fine structure constant comes mainly
from twomethods.
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Figure 1 The most precise determinations of the fine structure
constant. The value labelled α(h/mCs) is calculated using the
value of the Compton frequency of cesium atoms measured by
Muller’s group [13]. The values labelled (α(ae) − UW − 87) and
(α(ae) − HarvU − 08) are deduced from the experimental val-
ues of the electron moment anomaly ae performed respectively
by Dehmelt at the University of Washington [14] and Gabrielse at
Harvard university [2].
The first method combines the measurement of the
electron magnetic moment anomaly ae and QED pertur-
bation theory. The value of α is determined by comparing
the experimental value of ae with :
ae = A1 × α
π
+ A2 ×
(α
π
)2
+ A3 ×
(α
π
)3
+ A4 ×
(α
π
)4
+ ..... (2)
+ae
(
me
mμ
,
me
mτ
,weak,hadron
)
(3)
Thus in the QED model ae is expressed as a power series
of α and an additive term which takes into account the
contributions due to the muon, the tau, the weak and
hadronic interactions. The coefficients Ai are finite and
dimensionless constants calculated by using Feynman
diagrams [3].
The second one, introduced by the group of S. Chu at
Stanford university [15], is based on the measurement of
the ratio h/mX, between the Planck constant h and the
atomic massmX. This ratio is related to α by
α2 = 2R∞
c
Ar (X)
Ar (e)
h
mX
(4)
The Rydberg constant R∞ is known with an accuracy of
5 × 10−12 [16–18]. The uncertainty on the relative mass
of the electron Ar (e) and the relative atomic mass Ar (X)
are respectively 4.4 × 10−10 [19] and less than 10−10 for
Rb and Cs [20, 21]. Using an atom interferometer and
Bloch oscillations, we have performed in 2010 a deter-
mination of the ratio h/mRb. The value α(h/mRb) that has
been deduced is the most precise value obtained using
this method [1].
The comparison of these two determinations is
one of the most precise test of QED. It is so accu-
rate that one can think, in a near future, of using
these lab-size experiments to check theoretical predic-
tions tested up to now only on particle accelerators
(for example the existence of internal structure of the
electron [22]).
For many years, the main contribution to the de-
termination of αCODATA has been the one derived from
the anomaly of the gyromagnetic factor of the elec-
tron (α(ae)) which is strongly dependent on com-
plex QED calculations. Nowadays the uncertainties
of α(ae) and α(Rb) are in the same order of mag-
nitude. This makes the CODATA adjustment more
reliable.
This reliability is essential for the redefinition of the
SI which will rely on the values of fundamental con-
stants [23–25]. In the proposed redefinition, the Planck
constant will have a fixed value in SI units [5]. In or-
der to link themicroscopic definition to themacroscopic
Kilogram, two kinds of experiments are competitive. The
first one, the watt balance measures the ratio h/M be-
tween the Planck constant and a macroscopic standard
mass M [26–28]. In the current SI, it gives a determi-
nation of h. In the future SI, it will give the measure-
ment of a macroscopic mass. The second experiment is
the Avogadro project, which directly determines the ra-
tio M/m between a macroscopic mass (the mass of a sil-
icon sphere) and a microscopic mass (the mass of the
atom of silicon) [29]. In the current SI, it gives a determi-
nation of the (unified) atomic mass constantmu defined
according to mu = m(12C)/12, or the Avogadro constant.
The ratio h/mu provides therefore a direct comparison
between the two experiments. Its precise determination
has a major interest in metrology. Whereas the photon-
recoil measurement, combined with the appropriate rel-
ative atomic mass measurement, gives a determination
of the ratio h/mu, other values of α can be converted into
h/mu using the formula:
h
mu
= α
2cAr (e)
2R∞
(5)
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We emphasize that the ratio h/mu becomes identified
with Avogadro Planck constant as:
NAh = hmu
M(12C)
12
(6)
where M(12C) = 12×10−3 kg/mol is the carbon molar
mass and NA is the Avogadro constant. The product hNA
is in the current SI, equivalent to the ratio h/mu. It seems
to usmore relevant to consider h/mu in the framework of
the redefinition of the kilogram. In the future SI of units,
the Avogadro constant NA, which is used by the chemists
to quantify and identify an amount of substance with
atoms and molecules, will be fixed. This will break the
link between atomic masses and molar masses. Con-
sequently M(12C) will no longer be equal to 12 g/mol,
but will be determined from equation (6) using the ratio
h/mu.
In the proposed new International Systems of Units,
many others physical constants, that are set by the CO-
DATA will have a fixed value. The constant α will be a
keystone of the proposed SI, as many of the remaining
constants will depend strongly on its knowledge (such as
the vacuum permeability μ0, the von Klitzing constant
RK, ...) [5].
The next and largest section of this paper will be de-
voted to the experiment in Paris. This experiment started
in 1998 andwas entirely renewed in 2008. In the last part,
we will discuss the role of the various determinations of
α. We will focus on the test of QED calculations and on
the impact on the redefinition of the Kilogram.
2 Determination of the ratio h/mRb
2.1 Principle
The ratio h/mRb is deduced from the measurement of
the recoil velocity vr of an atom when it absorbs a pho-
ton (vr = k/m with  the reduced Planck constant, k
the wave vector and m the mass of atoms). This mea-
surement is performed by combining a Ramsey-Borde´
atom interferometer [30] with the Bloch oscillations
technique. Bloch oscillations have been first observed in
atomic physics by the groups of Salomon andRaizen [31–
33]. The atoms are shed with two counter-propagating
laser beamswhose frequency difference is swept linearly.
One can then consider that the atoms are placed in a
standing wave which is accelerated when the frequency
difference between the two laser beams is swept. The
atoms experiment an inertial force in a periodic opti-
cal potential. This system is analogous to the BO of an
Figure 2 The pulses timing sequence and atomic trajectory during
the measurement procedure.
electron in a solid submitted to an electric field. Another
point of view is to consider that the atoms undergo a suc-
cession of Raman transitions which correspond to the
absorption of one photon from a beam and a stimulated
emission of another photon to the other beam. The in-
ternal state is unchanged while the atomic velocity in-
creases by 2×vr per oscillation. The Doppler shift due to
this velocity variation is periodically compensated by the
frequency sweep and the atoms are accelerated. For 87-
rubidium atoms the Doppler shift induced by a variation
of velocity of 2×vr is 30 kHz, the number of Bloch os-
cillations performed by the atoms is set precisely by the
frequency sweep. In our previous work we demonstrated
that BO is a very efficient process in terms of photonmo-
mentum transfer [34].
The timing sequence of the experiment is depicted
in figure 2. The 87-rubidium atoms are first cooled in a
magneto-optical trap and optical molasses in the F =
2 hyperfine level. A μ-wave excitation is used to se-
lect atoms in F = 2,mF = 0 : we apply a vertical mag-
netic field of 7 μT, a first μ-wave excitation pulse trans-
fers atoms from F = 2,mF = 0 to F = 1,mF = 0 Zeeman
sub-level. The blow-away laser beam cleans the F = 2
hyperfine level. The atoms in F = 1,mF = 0 are returned
to F = 2,mF = 0 using a second μ-wave pulse. In order
to increase the interaction area, we apply an atomic ele-
vator to displace the atoms toward the lower or the upper
side of the vacuum chamber. The atoms are accelerated
and then decelerated by the means of two Bloch pulses
delayed by 10.3 ms. Each one transfers to the atoms
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3www.ann-phys.org
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600 ×vr during 4.6 ms in a given direction. The atomic
elevator carries 30% of the atoms, which represents the
whole proportion of the atoms which fit in the first Bril-
louin zone.
We then start the measurement procedure by accel-
erating the atoms with 500 BO in 5.6 ms (for details see
[35, 36]). The velocity of the atoms is measured by using
a Ramsey-Borde´ atom interferometer performed by two
pairs of π/2 pulses. The delay TR between two π/2 pulses
is 10ms and the duration of each pulse is τ = 600μs. The
laser pulses induce a Doppler sensitive Raman transi-
tion between the hyperfine levels F = 2 and F = 1, thus
the velocity is measured in terms of frequency. The first
pair of π/2 pulses transfers the resonant velocity class
from F = 2 to F = 1. We then shine a resonant laser
beam (F = 2 −→ F ′ = 3 transition) to push away atoms
remaining in F = 2 before coherently accelerating atoms
in F = 1 with 500 BO. The final velocity of the acceler-
ated atoms is measured with a second pair of π/2 pulses
by transferring atoms from F = 1 to F = 2. The popu-
lation in each hyperfine level is measured with a time
of flight technique. The fringe pattern which represents
the final velocity distribution is obtained by scanning
the frequency of the Raman lasers during the final π/2
pulses.
2.2 Experimental setup
A two-dimensionalmagneto-optical trap (2D-MOT) pro-
duces a slow atomic beam (about 109 atoms/s at a
velocity of 20 m/s) which loads during 250 ms a three-
dimensional magneto-optical trap. Then a σ+-σ− mo-
lasses generates a cloud of about 2 × 108 atoms in the
F = 2 hyperfine level, with a 1.7mm radius and at a tem-
perature of 4 μK. The 2D-MOT cell is a glass cell sep-
arated from a UHV-chamber by a differential pumping
tube which is also the aperture for the output slow beam.
The cooling and pumping lasers are interference-filter-
stabilized external-cavity diode lasers (IF-ECL) [37], both
lasers are amplified in the same tapered amplifier. The
frequency of the cooling beam is actively controlled by
using the beatnote signal with the pumping beam, it-
self locked on a suitable rubidium crossover line. The
Raman lasers are also IF-ECL diode lasers. The two
diode lasers are phase-locked using a synthesized fre-
quency referenced to a cesium atomic clock. As shown in
figure 3, the synthesized frequency results from a mix-
ing of a fixed frequency (6.84 GHz), a frequency ramp
to compensate the fall of atoms in the gravity field
(25 kHz/s) and the probe frequency. The probe frequency
is switched between δsel and δmeas using two indepen-
Figure 3 The optical setup of the Ramanbeamused to perform the
atomic interferometer. The two laser diodes are stabilized using
an interference-filter-stabilized extended cavity. They are phase
locked. The frequency of one Raman laser is stabilized on an ultra-
stable cavity and measured with a femtosecond comb.
dent synthesizers, where δsel and δmeas are the frequency
differences between the two Raman beams respectively
during the first and the second pairs of π/2 pulses of
the atom interferometer. The Raman beams are blue-
detuned by 125 GHz from the 87-Rubidium D2 line. The
Bloch beams originate from a 2.5 W Ti:sapphire laser.
The output laser beam is split into two paths, each of
which passes through an AOM to adjust the frequency
offset and amplitude before being injected into a po-
larization maintaining fibre. The depth of the gener-
ated optical lattice is 45Er (Er is the recoil energy) for
an effective power of 150 mW seen by the atoms. The
optical scheme of the Bloch and the Raman beams is de-
scribed in detail in [1, 35]. The frequencies of one Ra-
man laser and the Bloch laser are stabilized onto a same
ultra-stable Zerodur Fabry-Perot cavity, itself stabilized
on the 5S1/2(F = 3) −→ 5D3/2(F = 5) two-photon transi-
tion of 85-rubidium [38] (short term). On the long term,
these frequencies are preciselymeasured by using a fem-
tosecond comb referenced to the cesium clock. As the
measurement of the ratio h/mRb is performed in terms
of frequency, it is thus directly connected to the cesium
standard.
The vacuum chamber is supported by an active vibra-
tion isolation platform. The residual acceleration is re-
duced by a factor of 100 above 10Hz. However, vibrations
remain one of the main limitations in the sensitivity of
the atom interferometer.
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Figure 4 The quantity N2/(N2 + N1) versus the frequency dif-
ference between the two pairs of π/2 pulses, where N2 and N1
represent respectively the populations in hyperfine levels F = 1
and F = 2. The spectrum is recordedwith 100 points during 1min.
The measured position of the central fringe is indicated above the
spectrum.
2.3 Results
In figure 4 we show a typical fringe pattern obtained with
100 points during 1min. The central fringe is determined
with an uncertainty of 0.14 Hz corresponding to the rela-
tive uncertainty of 10−8 on the Doppler shift (δsel − δmeas)
induced by 500 BO.
A value of h/mRb is obtained by recording four spectra
obtained under different conditions to cancel systematic
errors and then using:

mRb
= 1
4
∑
Spectra
2π |δsel − δmeas|
2NkB(k1 + k2) (7)
where k1 and k2 are the wave-vectors of the Raman laser
beam, kB is the wave-vector of the Bloch laser beams and
N the number of Bloch oscillations.
Two spectra allow to get rid of the change in veloc-
ity due to the free fall of atoms in the gravity field. They
are obtained by accelerating the atoms alternatively up-
ward and downward. The difference between the results
eliminate gT , where T is the spacing time between the
two pairs of Raman π/2 pulses. Otherwise for each initial
acceleration, we record two other spectra by exchanging
the direction of the Raman beams (
−→
k1 and
−→
k2 ) in order
to cancel the parasitic level shifts due to the Zeeman ef-
fect and the light shifts. Typically a set of 4 spectra is ob-
tained with the parameters shown on table 1. In this ta-
ble, Nelev(1) and Nelev(2) represent the number of BOused
to perform the atomic elevator (we first accelerate the
atoms with Nelev(1) BO then we stop them using Nelev(2)
BO). Nup and Ndown are respectively the number of BO
for the upward and downward acceleration. The two last
lines of this table give the result of the fit of the cen-
tral fringe and the corresponding uncertainty. Each col-
umn gives the parameters for one spectrum.We deduced
the value of h/mRb with a relative uncertainty of 5× 10−9
(2.5× 10−9 on α).
Figure 5 shows a set of 170 determinations of the ratio
h/mRb recorded for about 15 hours. The standard devia-
tion on themean value is 4.4 × 10−10, with a χ2/(n− 1) =
1.05. We have evaluated the autocorrelation function us-
ing the approach described in reference [39]. The result
is reported in the inset, there is no correlation between
the successive measurements.
2.4 Systematic effects
The systematic effects are summarized in the table 2.
The main systematic effect comes from the Gaussian
profile of the laser beams. The atoms experience an ef-
fective wave-vector determined by the gradient of the
laser phase along the propagation axis z :
keff = dφdz = k−
2
k
[
1
w2
− r
2
w4
+ k
2r2
4R2
]
(8)
where r is the radius of the atomic cloud, w the waist of
the laser and R, the curvature radius.
This formula includes both contributions of the Gouy
phase and the wave front curvature. The geometrical pa-
rameters of the laser beams have been carefully mea-
sured with a Shack-Hartmann wave-front analyser. The
alignment of the laser beams is ensured by controlling
the coupling between the two optical fibres. The max-
imum angle error is estimated to 40 μrad. As shown in
figure 6-A, this value has been confirmed by considering
the deviation of the ratio h/mRb versus the angle between
the upward and the downward Bloch beams (see figure
6-B). The experimental protocol allows to cancel a large
part of the level shifts (Zeeman and light shift). This can-
cellation is performed in three ways: between the selec-
tion and the measurement Raman pulses, between the
upward and downward trajectories, and when the Ra-
man beams direction is changed. The vacuum cham-
ber is enclosed in a double magnetic shield, we have
precisely evaluated the residual magnetic field along
the interaction area using Zeeman sensitive Raman
transitions. The correction on α due to the second or-
der Zeeman shift is estimated to 4×10−10. The light shift
is mainly due to the expansion of the atomic cloud be-
tween the selection step and the measurement step and
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 5www.ann-phys.org
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Table 1 Typical experimental parameters for the determination of one value of h/mRb.
Nelev(1) −300 −300 +300 +300
Nelev(2) +300 +300 −300 −300
Nup +500 +500 −500 −500
Ndown −500 −500 +500 +500
Raman beams direction +1 −1 +1 −1
(δsel − δmeas )(Hz) 15567824.42 −15567822.07 −14612062.24 14612067.77
Uncertainty on the central fringe 0.15 0.16 0.13 0.16
Figure 5 A selection of 170 measurements of the ratio h/mRb ob-
tained during 15 hours integration time. The inset shows the au-
tocorrelation function of these measurements. The solid and the
dashed lines represent the 1σ and 2σ standard deviations of the
autocorrelation function.
the unbalance of the laser intensity when we exchange
the direction of the Raman beams.
The density of the atomic cloud after the μ-wave
selection and the elevator sequence is about 2×108
atoms/cm3. The correction due to the index and the
mean-field effects is estimated to 10−10 with a conserva-
tive uncertainty of 2×10−10(see [36]). Compared to the
measurements made in 2008, the effect of the back-
ground vapour is now negligible (a few parts per 10−11),
thanks to the differential pumping in the double-cell de-
sign. Finally the deduced value of the fine structure con-
stant is :
α−1(h/mRb) = 137.035999044(90) [0.66ppb] (9)
This value is slightly different from that published in [1],
where we have used the value of the rubidium mass de-
termined by B. J. Mount et al. [21]. To obtain the result of
Table 2 Systematic effects and relative uncertainty in part per
1010 on the determination of α−1.
Laser frequencies 1.3
Beams alignment −3.3 3.3
Wave front curvature and Gouy phase −25.1 3.0
2nd order Zeeman effect 4.0 3.0
Gravity gradient −2.0 0.2
Light shift (one photon transition) 0.1
Light shift (two photon transition) 0.01
Light shift (Bloch oscillation) 0.5
Index of refraction atomic cloud
and atom interactions 2.0
Global systematic effects −26.4 5.9
Statistical uncertainty 2.0
Rydberg constant and mass ratio 2.2
Total uncertainty 6.6
equation (9), we have used the mean value between the
mass values published in references [20] and [21].
3 Discussion
The experiments which provide the values of the fine
structure constant summarized in figure 1 can be used
in two different ways. On the one hand, they can be
seen as a test of QED calculations of the electron
moment anomaly ae. These very difficult calculations
have been performed by the group of Kinoshita and
Nio. They have recently calculated for the first time the
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Figure 6 The statistical uncertainty on the measurement of the ratio h/mRb is sufficient to evaluate the deviation of some experimen-
tal parameters. (A): deviation of the misalignment angle between the Bloch beams. (B) Retro-reflection in the optical fibre versus the
misalignment angle (green curve : Bloch beams, blue curve : Raman beams).
fifth coefficient of equation (3) and improved the un-
certainty on the fourth one. For the test of QED only
two data are involved: the experimental value of ae(Exp)
(1159652180.73(28)×10−12 [0.28ppt]) achieved by the
group of Gabrielse and the one predicted by the theory,
ae(Theory). The latter is computed using α(h/mRb) as in-
put data. The disagreement between the experimental
and theoretical values of ae is:
ae(Exp) − ae(Theory) = −1.09(0.83) × 10−12 (10)
The upper part of figure 7 shows the comparison be-
tween the current values of ae. The accuracy of the value
of α(h/mRb) is sufficient to test the contributions due to
the muon and hadrons in the theoretical value of ae. The
lower part shows the relative contributions to the elec-
tron anomaly of the different terms in Equation (3).
On the other hand, these experiments provide a way
to investigate the impact of the measurements of α and
the ratio h/m on the redefinition of the kilogram. Re-
cently the group of H. Muller at the university of Cal-
ifornia, Berkeley, published a new measurement of the
Compton frequency of the cesiumatomh/mCsc2 [13]. Be-
cause c has an exact value, this is equivalent to a mea-
surement of h/m that can be compared to ours (see
table 3).
Reference [13] highlights the impact of suchmeasure-
ments on the proposed redefinition of the SI of units.
The interpretation of the aforementioned work needs to
be clarified: in the redefinition planned by the CGPM in
2015, the definition of the second will stay the same and
the kilogram will be defined by fixing the value of the
Planck constant h. This definition will be based on fun-
damental constants and therefore the resolution of the
CGPM explicitly relies on the CODATA for the new defi-
nition [23].
The main challenge for the redefinition of the Kilo-
gram, and the main reason why this redefinition has
Figure 7 Upper figure: comparison of the measurements of the
electron moment anomaly (ae(UW − 87) and ae(HarvU − 08))
with the theoretical value obtained using α(h/mRb). The green
point is obtained without the last term of equation (3). The lower
figure in blue, relative contributions to the electron anomaly of
the different terms of equation (3), in red their uncertainties. The
dashed line corresponds to the relative uncertainty on the value of
α(h/mRb).
been delayed for several years, is the lack of a reliable
link between the microscopic and macroscopic masses.
This link is established with a relative uncertainty of 3
×10−8 [28] and with a large discrepancies between the
different methods (watt balances and Avogadro project).
One can notice that the recently measured value of the
Avogadro constant [29], which is themost accurate input
datum for the kilogram redefinition, is midway between
the watt-balance values [40,41].
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Table 3 The values of the fine structure constant and the ratio h/mu deduced from the experiments of Harvard, Berkeley and Paris.
h/mu [m2 s−1] α−1
Harvard university 3.9903127118(26)× 10−7 [0.65 ppb] 137.035999173(35) [0.25 ppb]
Berkeley university 3.990312738(16)× 10−7 [4.0 ppb] 137.03599872(28) [2.0 ppb]
LKB 3.9903127193(50)× 10−7 [1.2 ppb] 137.035999044(90) [0.66 ppb]
Figure 8 Determinations of the ratio h/mu deduced from the
measurement of the rubidium recoil and Compton frequency of
the cesium atom. The most precise determination comes from
the value of the fine structure constant given by the experimen-
tal value of the ae measurement and QED calculations.
As for theCODATA, the recentmeasurement of Berke-
ley is strictly equivalent to an h/mu measurement. While
it contributes to the reliability of the determination of
h/mu by providing a determination below 10−8, unfor-
tunately it will not contribute that much to the CODATA
(and therefore to the redefinition of the SI) because its
uncertainty is too large (see Figure 8, in which is also in-
cluded the value obtained from α(HarvU), assuming the
exactness of QED calculations).
The ratio h/mu will have an important role after the
redefinition of the SI. Asmentioned in reference [42] This
would yield a value for the mass of the atom in SI units,
i.e. kilograms, without making reference to the prototype
kilogram artefact as is now necessary. Therefore, there
is a strong motivation to continue to improve the un-
certainty on h/mu as much as possible, until competing
methods are obviously superior.
This uncertainty will then be comparable to the ones
of the comparison between atomicmasses and therefore
uncertainties of atomic masses in SI will be the same as
in the atomic mass unit (AMU).
The watt balance and h/m measurement are simi-
lar in the sense that both measure a ratio between the
Planck constant and a mass (or the Compton frequency
of a given mass). The watt balance does indeed provide
a measurement of the ratio h/Mg (g is the gravity accel-
eration, M a macroscopic mass). The atomic analogue is
closely related to the period k/mg of Bloch oscillations
of atoms in a periodic lattice (k is the wave vector of the
Bloch beam). Based on this idea, we have proposed in
2006 to measure the local gravity in the watt balance site
using Bloch oscillations in a quasi-stationary optical lat-
tice. This method gives a possibility to realize a link be-
tween h/M and h/mu [43].
4 Conclusion
In this paper we have presented the details of our recent
experimental setup. The fine structure constant is deter-
mined with a relative uncertainty of 6.6×10−10. Taking
account of the recent improvement of QED calculations,
we deduce a theoretical value of the electron moment
anomaly. The comparisonwith the experimental value of
ae realized by the group of Gabrielse at Havard university
provides the most stringent test of QED.
In the future we plan to improve the accuracy on
h/mRb and therefore on α, by increasing the sensitivity
of the atom interferometer (velocity sensor) and by re-
ducing the systematic effect due to the Gouy phase and
the wave-front curvature. A new project is currently in
progress in our group. It consists on a new experimental
setup based on evaporatively cooled atoms. We plan to
implement on this setup an atom interferometer based
on large momentum beam splitters [44].
This experiment is supported in part by IFRAF (In-
stitut Francilien de Recherches sur les Atomes Froids),
and by the Agence Nationale pour la Recherche, FISCOM
Project-(ANR-06-BLAN-0192).
Key words. Fine structure constant, electron moment anomaly,
atom interferometry, Bloch oscillations, Quantum electrodynam-
ics test, atomic mass unit.
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Precision comparisons of the properties of particles and
their corresponding antiparticles are highly relevant be-
cause the Standard Model of elementary particle physics,
a local, Lorentz-invariant field theory, is necessarily sym-
metric with respect to the combined CPT operation. This
symmetry defines exact equality between the fundamental
properties of particles and their anti-images. Any measured
and confirmed violation constitutes a significant challenge
to the Standard Model. Recent results of different CPT-tests
are summarized, with emphasis to the high-precision mea-
surement of the magnetic moment of the proton and the
antiproton, as well as the precision investigation of antihy-
drogen ground state hyperfine splitting.
1 Introduction
Symmetries are an essential concept in modern physics
particularly in the Standard Model (SM), and are cate-
gorized into global and local symmetries, which are re-
lated to conservation laws and forces, respectively [1].
Charge conjugation (C), parity operation (P), and time
reversal (T) are the components of discrete symmetry
transformations. The CPT symmetry, simultaneous ap-
plication of all three transformations, is supposed to
be the most fundamental symmetry in physics. Actu-
ally, it’s conservation is theoretically guaranteed by lo-
cal quantum field theories constructed on a flat space-
time, which fulfil the condition of Lorentz invariance
and unitarity [2]. Considering the fact that P [3], CP [4],
and T [5] have already been found to be violated, the
CPT symmetry is the last one still evading our pursuit.
If some of the conditions which back-up CPT are not
satisfied, the symmetry might be violated, e.g., when
space-time is curved by the gravitational interaction,
and/or, non-local interactions play a role. It is noted, that
the physical origin of the violations of P and CP sym-
metries in weak interactions is not yet understood in
detail [6].
1.1 Gravitational interaction
The Planck mass mPl given by
√
c/G(∼ 1019GeV/c2) is
the critical mass of a particle, which in itself becomes a
black hole, where  is the Planck constant divided by 2π ,
c the speed of light, and G the gravitational constant3.
When we consider influences of the gravitational interac-
tion on a physics system in question, a possible measure
for CPT violation could be the ratio of the particle mass
(m) involved in the system and the Planck mass, i.e., δm =
m/mPl . The corresponding energy of the Planck mass is
far too high to be accessible by accelerator techniques
known until now4, and will probably never be reached
even in the distant future. It would therefore make sense
to reconsider our strategy in studying the fundamen-
tal laws of nature not only by pushing to higher and
higher energy, but instead by adopting a softer and hum-
bler way with higher sensitivity. We call such a comple-
mentary approach as listen to the whisper of nature. For
the proton ( p)/antiproton ( p) system, δm = mp/p/mPl ∼
10−19, which corresponds to mp/pc2δm ∼ 10−19GeV. Al-
though this quantity looks extremely small, in terms of a
frequency it corresponds to ∼10 kHz, which might be re-
solvable, depending on the physical quantities targeted.
1.2 Non-local interaction
Another condition which might violate CPT is a non-
local interaction. Actually, the string theory is in its
∗ Corresponding author E-mail: yasunori@riken.jp
∗∗ E-mail: stefan.ulmer@cern.ch
1 RIKEN, Atomic Physics Laboratory, 2-1 Hirosawa, Wako, Saitama,
351-0198, Japan
2 RIKEN, Ulmer Initiative Research Unit, 2-1 Hirosawa, Wako,
Saitama, 351-0198, Japan
3 This is really huge, comparable to themass of a bacteria
4 The highest energy from the largest accelerator (LHC) is∼ 104GeV
in the center ofmass frame, corresponding to∼ 108GeV in the lab-
oratory frame. Even in the case of cosmic rays, it can be as high as
1011GeV.
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nature non-local, which may provide some proactive
prediction to violate CPT [7]. Other Lorentz invariant
non-local CPT violating models are proposed and dis-
cussed in [8, 9].
1.3 SME
The Standard Model Extension (SME), developed and ex-
tended considerably by Kostelecky and his colleagues,
is constructed by adding possible CPT violating inter-
actions artificially to the standard CPT conserving La-
grangean of the SM. Based on this approach physi-
cal quantities sensitive to CPT violation are discussed5
[10–12]. One of the main statements of the SME is, that
CPT violation should be tested by comparing quantities
with respect to an absolute energy scale, not by com-
paring relative accuracies. In general, it would not make
much sense to compare different quantities with relative
accuracies6.
1.4 Relation with Big Bang
The Big Bang scenario is quite successful and power-
ful in explaining various astronomical observations such
as Hubble’s law, cosmic microwave background radia-
tion, abundance of primordial elements, galactic evolu-
tion and distribution, etc. On the other hand, it is still a
mystery how matter survives escaping full annihilation
with antimatter, because it is generally assumed that the
same amount of matter and antimatter existed at the
early stage of the hot universe. One interesting idea is
that the universe might be a patchwork consisting of dis-
tinct regions of matter and antimatter still keeping the
same amount of both, and we are just located on one
of the matter patches. If this is the case, the universe as
a whole is symmetric with respect to matter and anti-
matter. However, in this scenario the amount of anni-
hilation near regional matter-antimatter boundaries is
not negligible, and the observed cosmic γ ray spectrum
would be considerably distorted, depending on the size
of the patches. Actually, possible energy spectra were
simulated as a function of the patch size. By comparing
astronomical observations with these simulations, it was
5 The SME also suggests sidereal-variation tests in thematter sector.
6 For example, as shown in table 1, the relative precision of 1S-2S
transition of hydrogen is reported to beνexp/ν ∼ 4.2 × 10−15.
If the hydrogenmass is used in the denominator, this quantitymay
becomehνexp/mc2 ∼ 4.2 × 10−23
concluded that the size of the patch should be compara-
ble to the size of the entire universe. This is considered
to be rather unlikely, and thus, a matter-antimatter sym-
metric universe is unfavored [13]. The most recognized
model to explain the matter dominant universe was pro-
posed by Sakharov. It requires (1) baryon number non-
conserving processes, (2) C- and CP violation, and (3) in-
teractions far from thermal equilibrium conditions [14].
Although the CP symmetry is experimentally found to
be violated for neutral mesons, which qualitatively sup-
ports the idea of Sakharov, the level of violation which is
known is by far too small to explain the amount of mat-
ter observed in the present universe. Considering these
facts, although speculative, CPT violation might be an-
other possibility to drill a hole in the mystery of the mat-
ter dominant universe (see e.g ., refs. [8, 15, 16]).
2 Experiments to test CPT Symmetry
An important consequence of the CPT symmetry is that
the mass, the total lifetime, the absolute values of the
charge and the magnetic moment of an antiparticle
should be exactly the same as those of the correspond-
ing particle7. In addition, the spectroscopic properties
of a complex anti-particle such as antihydrogen should
again be exactly the same as those of the corresponding
complex particle such as hydrogen. These facts provide
potential schemes to test the CPT symmetry. Particularly
when the particle is stable, observation time can be in-
finitely long, and accordingly, the mass/energy of parti-
cle conjugates in question can potentially be determined
with arbitrarily high precision. In usual high precision
measurements, experimental results are compared with
predictions of precise and reliable theories taking into
account all known interactions trying to find some fi-
nite deviations. Once successful, the residue can be at-
tributed to a hidden interaction and/or to some impor-
tant dynamics which need to be considered. In the case
of CPT symmetry tests, the taste of the experiment can be
qualitatively different from other high precision experi-
ments described above, because detailed theoretical pre-
dictions are NOT necessary. As soon as a difference be-
tween matter and antimatter is observed, CPT violation
is automatically confirmed. The research can be done
purely experimentally, i.e., the CPT test is performed and
concluded in a model independent way. On the other
7 This does not necessarily exclude a possibility that the lifetime of a
specific decay channel can be different between the paired particle
and antiparticle
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hand, no quantitative predictions are available from the-
ory, and thus, experimentalists need to fix various exper-
imental parameters as the physical quantities to be mea-
sured as well as their precision in a blind way, employ-
ing their full intuitions and sixth sense. In the follow-
ing subsections, experiments on (K0, K
0
), p/p and H/H
are summarized and discussed, with special emphasis on
p/p magnetic moments and H/H ground state hyperfine
splittings.
2.1 K0, K0
As is well-known, research on K0 and K0 revealed for the
first time that the CP symmetry is violated, which was
one of the key findings to ignite theory to predict a three
generation quark model [17]. At the same time, the CPT
symmetry was reported to be verified with an accuracy as
high as |m(K0) − m(K0)|/m(K) < 6 × 10−19 [18]. Although
this is often cited as the most stringent test of the CPT
symmetry, there is still a reservation on the way how
it is discussed. In terms of energy, |m(K0) − m(K0)|c2 <
4.0x10−19GeV is obtained. Kobayashi et al. discussed that
this small value just implies that CPT violating interac-
tion, if any, is very weak compared to the strength of
QCD. Considering the fact that m(K0) = m(K0) requires
both CP and CPT violations, it is more appropriate to
compare the strength of possible CPT violation to the
strength of CP violation [19]. Actually, the CP violation
level of K0 and K0 is Im(m12) ∼ 1.1 × 10−17GeV, i.e., the
CPT violation could still be as large as a few % of the CP
violation [20]. It is also noted that the accuracy above is
comparable to the level of possible violation related with
the gravity discussion (see Sec.1). It is evident that the ex-
periments should be done with higher accuracy and also
complementary experiments are necessary.
2.2 p and H related experiments
Proton (p) and antiproton (p), as well as hydrogen (H)
and antihydrogen (H) are all stable, and thus meet the re-
quirements to be observed for macroscopic time-scales
and thus, perform high resolution spectroscopy.
Table 1 shows several comparisons of properties of
conjugated particles such as the mass, the charge, and
the g -factor for (e−, e+) and (p, p). As a reference, some
information of (μ−, μ+), (p, e−), and (n, n) conjugates is
given as well. It is seen, that the CPT symmetry of these
particles with respect to mass and charge has already
been tested to the level of 10−8 ∼ 10−9, corresponding
Table 1 Differences of mass, charge, and g -factor between
electron and positron, and between proton and
antiproton [18, 21, 38].
|mm−ma|
m
|qm+qa|
|q|
|gm+ga|
|g|
e− vs e+ < 8×10 −9 < 4×10 −8 (−0.5± 2.1)× 10−12
p vs p¯ < 2×10−9 < 2× 10−9 < 5× 10−6
μ− vs μ+ < (−0.11 ± 0.12) × 10−8
p vs e− < 1 × 10−21
n vs n¯ (9± 6)× 10−5 — —
Table 2 Spectroscopic properties of hydrogen.
experiments (Hz) νex p
ν
|νth−νex p|
ν
ν1S−2S 2,466,061,413,187,035 (10) 4× 10−15 1× 10−11
νH F 1,420,405,751.7667 (9) 6× 10−13 (3.5± 0.9)× 10−6
to ∼ 10−9GeV for p/p and ∼ 10−12GeV for e−/e+. The
g -factor of the (p, p) pair is known with a precision of
4.4·10−6. Actually, the g -factor measurements of an iso-
lated proton [21] or an antiproton [22] just became pos-
sible very recently (See Sec. 3.2).
Table 2 shows spectroscopic properties of the hydro-
gen atom, which are among the most precisely known
quantities in atomic physics. The 1S-2S and ground
state hyperfine transitions are experimentally deter-
mined with the fascinating precision of ∼ 4 × 10−15 (∼
10 Hz) and ∼ 6 × 10−13 (∼1mHz), respectively [23]. On
the other hand, as shown in Table 2, for the 1S-2S transi-
tion the theoretical accuracy is limited to 10−11 (10 kHz)
and in case of the ground state hyperfine splitting to 10−5
(10 kHz). Once a H beam is available, an experiment can
be conducted which would beat the limit of theoreti-
cal precision by two orders of magnitude. In the non-
relativistic framework, the 1S-2S transition energy of hy-
drogen is given by
3
4
me
2
mp
me + mp (αc)
2, (1)
where me and mp are the electron and proton masses, re-
spectively, and α the fine structure constant defined by( qeqp
4π0c
)2
, where qe and qp are the electron and proton
charges, respectively, 0 the vacuum dielectric constant,
and c the speed of light. The electron mass defines the
transition frequency at leading order, while the proton
mass contributes at the level of 10−3. Taking relativistic
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and QED effects into account brings shifts at the 10 ppm
level. The present theoretical limit of 10−11 is due to the
ambiguity on the proton charge radius8. In the case of
the ground state hyperfine transitions, it originates from
the interaction between the magnetic moments of the
proton and the electron, i.e., this effect increases with
the overlap of proton and electron wave-functions, like
in the case of S states, particularly 1S state. The transi-
tion frequency between the singlet (F=0) and the triplet
(F=1) states of hydrogen in its ground state is given by
νH F = 83
(
mp
mp + me
)3 me
mp
μe
μB
μp
μN
me(α2c)2
h
(2)
which approximates the proton as a point-like parti-
cle. Here μe and μB(= qe/2me) are the magnetic mo-
ments of electron and the Bohr magneton, respectively,
and μp and μN are the magnetic moments of proton
and nucleon, respectively. The hyperfine transitions are
directly proportional to the magnetic moment of pro-
ton as well as to that of electron. Thus, from a mea-
surement of the ground state hyperfine splitting of H an
independent value for the magnetic moment of p is ob-
tained (see also section 3. 2). This is in contrast with 1S-
2S transition, where the electron mass primarily deter-
mines the transition energies. Considering that μe/μB is
−1.0011596521811 and μp/μN is 2.7928473565, the ob-
served transition frequency can be reproduced with a
precision of 10−5, which is further improved to 3.5·10−6
when the charge and magnetization radius of proton is
taken into account. Again, the prediction level is limited
by the uncertainty of charge and magnetization distri-
bution of the proton [24]. Considering the fact that the
1S-2S transition and the hyperfine transitions are both
reproduced by the CPT conserving theories to the level
of 10 kHz, any experiment which aims for the discovery
of the CPT violation should exceed this accuracy. Until
now, it is not known which transition (i.e., 1S-2S or hyper-
fine) is more sensitive for the CPT symmetry test. How-
ever, in the first order perturbation theory of the SME, in
case of the 1S-2S transition the CPT violating energy shift
cancels exactly. Thus, higher sensitivity to CPT violation
is expected in case of the hyperfine transition [10]. In
addition, a beam-based hyperfine transition experiment
has higher potential to reach better resolution than 1S-
2S transition of trapped H. It is noted that the hyperfine
transition measurements of H and magnetic moment
8 The charge radius extracted from the pμ− Lamb shiftmeasure-
ment [24] is reported to be 5σ away and smaller than the currently
accepted CODATA value.
magnetron motion
B
axial motion
superposition
reduced
cyclotron motion
Figure 1 Trajectory of a single particle in a Penning trap, which is
a superposition of three uncoupled harmonic oscillators.
measurement of the bare p yield complementary and im-
portant information on the magnetic moment of p, since
the hyperfine transition reflects the magnetization distri-
bution inside p probed by a positron and the spin tran-
sition frequency of bare p reflects the overall magnetic
moment probed by a macroscopic external magnetic
field.
3 Precision Investigation of the Proton
and the Antiproton
3.1 (Anti)proton charge and mass
The charge-to-mass ratios q/m of the p and the p were
compared with a fractional precision of 9·10−11, which
corresponds to (q/m)p/(q/m) p¯ = −0.99999999991(9)
[25]. Assuming qp = qp¯, the accuracy in energy is about
0.08 eV. This fascinating test of the CPT symmetry was
reported by the TRAP collaboration, which compared
the free cyclotron frequencies νc = qB/(2πm) of an
H−-ion and a single antiproton stored in a cryogenic
Penning trap setup. Such a trap is a superposition of a
homogeneous magnetic field B in the axial direction and
an electrostatic quadrupolar potential. The trajectory of
a particle stored in such a superposition of electric and
magnetic fields is shown in Fig. 1.
It can be described as the superposition of three un-
coupled harmonic oscillators, one at the modified cy-
clotron frequency ν+, which is νc slightly modified by the
trapping potential, another at the axial frequency νz, and
a third one at the magnetron frequency ν−. The free cy-
clotron frequency is obtained by measuring ν+, νz and
ν−, and application of the so called invariance theorem
[26]
ν2c = ν2+ + ν2z + ν2−. (3)
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The eigenfrequencies are measured non-destructively
via image current detection. To achieve this high preci-
sion measurement several pioneering techniques were
invented, as catching of antiprotons from the CERN Low
Energy Antiproton Ring (LEAR) [27], electron cooling of
antiprotons [28], and trapping of a single antiproton for
arbitrarily long time [29].
In addition to these experiments, high precision laser
spectroscopy of exotic p¯He+ atoms has achieved impres-
sive progress. These experiments allow for the measure-
ment of the antiproton related Rydberg constant, which
is proportional to mp¯q2p¯q
2
e . Thus, by combining the results
of laser spectroscopy with the measured charge-to-mass
ratio, the mass and the charge of the antiprotons can be
extracted independently, and compared with those of the
proton. Recently, Hori et al. reported on an agreement of
both values at the sub-ppb level [30]. It is an amazing fact
that once the used laser spectroscopy techniques slightly
improve, the mass of the antiproton can be determined
with higher accuracy than that of the proton. It is noted
that in order to extract mass and charge of antiprotons,
the experimentally obtained transition frequencies have
to be compared with challenging theoretical three body
calculations. For CPT tests at even higher precision, the-
oretical methods have to be improved significantly.
3.2 (Anti)proton magnetic moment
Among the numerous comparisons of different funda-
mental particle properties, one quantity has not yet been
compared with high precision: the magnetic moment
of the proton μp and the antiproton μ p¯. Here, μp, p¯ =
gp/p/2 · qp/p/(2mp/p), where gp/p is the Lande´ g-factor,
and qp/ p¯/mp, p¯ the (anti)proton charge-to-mass ratio. The
magnetic moment of the proton is known with a frac-
tional accuracy of 8.2·10−9 [31]. This value is based on hy-
perfine spectroscopy data of an atomic hydrogen maser
in a magnetic field, from which the magnetic moment
ratio of the proton and the electron bound in atomic
hydrogen μp(H)/μe(H) was extracted at that level. The
g-value of the free proton
gp = ge ·
μp(H)
μe(H)
· gp
gp(H)
· ge(H)
ge
· mp
me
(4)
is calculated, where the g-factor of the electron ge, and
the proton-to-electron mass ratio mp/me are known at
a level of 2.8 · 10−13 [32] and 7.3 · 10−10 [33], respectively.
The theoretical correction terms gp/gp(H) and ge(H)/ge
are reviewed in [34, 35] and are also known at the level
< 10−9, resulting in [36]
gp = 5.585694713(46), (5)
limited by the experimental precision achieved in the
hydrogen-maser experiment [31]. In contrast, the mag-
netic moment of the antiproton is only known with mod-
erate precision. Currently two collaborations, a part of
ATRAP and BASE, are pushing their efforts to measure
the (anti)proton magnetic moment with sub-ppb preci-
sion. These experiments are based on spectroscopy with
single particles stored in a Penning trap at 4 K. A major
step towards this goal was achieved in 2011. Spin flips
of a single trapped proton were observed for the first
time [21, 37]. Recently, diSciacca et al. (ATRAP) reported
on a 4.4·10−6 measurement of the antiproton magnetic
moment [22], which corresponds to a 680-fold improve-
ment of the formerly best value [39]. In this experiment
the particle’s magnetic moment was measured in units of
the nuclear magneton μN
μ p¯
μN
= g
2
ep¯/mp¯
ep/mp
= νL
νc
. (6)
by determination of the free cyclotron frequency νc, and
the spin precession frequency νL = g/2 · νc of a single
antiproton. While the measurement of νc is straight for-
ward [40], the determination of the spin precession fre-
quency νL is a major challenge. It is based on the ap-
plication of the continuous Stern-Gerlach effect, which
has already been applied in the widely recognized g − 2
comparisons of the electron and the positron [41]. How-
ever, these measurements involved magnetic moments
at the level of the Bohr magneton. In contrast the mag-
netic moments of the proton/antiproton system are at
the level of the Nuclear magneton, which is about 660
times smaller. This complicates the (anti)proton mag-
netic moment measurement significantly. A magnetic in-
homogeneity
B = B0ez + B2
(
(z2 − ρ2/2)ez − zρeρ
)
. (7)
is superimposed to the Penning trap, where B2 charac-
terizes its strength. This adds a spin dependent mag-
netic potential M = ±μB2z2 to the axial electrostatic
potential, and consequently, the axial oscillation fre-
quency becomes spin dependent. Compared to a mag-
netic moment-down particle, a magnetic moment-up
particle has a lower oscillation frequency νz. Thus,
the determination of the spin eigenstate is reduced to
a non-destructive frequency measurement. The spin
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precession frequency νL is determined by the following
sequence: first the axial frequency is measured, and
subsequently a spin flip is driven by a magnetic radio-
frequency drive with field vector brf perpendicular to B0
at a frequency νrf, which is close to the Larmor frequency
νL . Afterwards the axial frequency is measured again.
The detection of an axial frequency shift indicates a spin
quantum jump. By repeating this sequence for several
100 times and different drive frequencies νrf, the spin flip
probability is obtained as a function of νrf. From the well
understood line-shape the Larmor frequency can be ex-
tracted with high precision. However, the axial frequency
shift induced by an (anti)proton spin flip, is
δνz,SF = μB22π2mνz , (8)
which is for typical experimental parameters (νz ≈
600 kHz to 1 MHz) in the order of a few hundred nHz·B2.
Thus, to obtain a clearly detectable spin flip induced ax-
ial frequency jump, a very strong B2 (300000 T/m2) has
to be used [21, 38]. Under these extreme conditions a
spin quantum jump shifts the axial frequency by about
150 mHz to 200 mHz out of 600 kHz to 1 MHz.
The strong magnetic inhomogeneity constitutes a
major challenge. In addition to the spin magnetic mo-
ment it couples as well the radial magnetic moments of
the cyclotron mode and the magnetron mode to the axial
frequency, which is shifted by
νz(n+, n−) =
hν+
4π2mpνz
B2
B0
·
((
n+ + 12
)
+ ν−
ν+
(
n− + 12
))
, (9)
where n+ and n− are the quantum numbers of the mod-
ified cyclotron and the magnetron mode, respectively.
A cyclotron quantum jump n+ = ±1 corresponds to
a radial energy change of E+ = ±74 neV and causes
an axial frequency shift of νz = ±68 mHz. A transition
of the magnetron quantum number n− = ±1 leads to
νz = ±49 μHz. Changes of both radial quantum num-
bers n± = ±1 are due to easily driven electric dipole
transitions. Spurious electrical field noise with ampli-
tudes in the order of only a few 10 nV·m−1·Hz−1/2 cause
fluctuations of νz, which are large enough to avoid the
unambiguous detection of single (anti)proton spinflips.
However, with the axial frequency stability reached by
the two experiments [21, 38] it was possible to measure
the (anti)proton magnetic moment in the strong B2 by
means of a statistical detection technique. Once spin
flips are driven, the corresponding axial frequency shifts
Figure 2 Larmor resonance curve measured with a single trapped
proton.
δνz,SF add up to the axial frequency fluctuation back,
which is defined as the rms-value of the difference of two
subsequent axial frequency measurements νz,i+1 − νz,i ,
in a statistical way
SF ≈
√
2back + PSF δν2z,SF . (10)
By measuring SF for different drive frequencies νrf, the
spin flip probability PSF (νrf) is obtained as well. The re-
sult of the first Larmor resonance curve ever measured
with this technique [21] is shown in Fig. 2. The asymme-
try of the resonance curve is easy to understand. While a
spin flip is driven, the particle is in contact with the axial
detection system, which leads to Boltzmann distributed
fluctuations of the particle’s axial energy Ez. As a conse-
quence the Larmor frequency fluctuates since
νL (Ez) = νL,0
(
1 + B2
B0
Ez
2π2mν2z
)
, (11)
and thus, the resonance is a convolution of the unper-
turbed spin transition-line with the asymmetric Boltz-
mann profile w(Ez) = 1kTz exp(−Ez/(kB Tz)), where Tz is
the temperature of the axial detection system. From a
best fit to these data νL is obtained with 100 ppm preci-
sion. With an improved apparatus BASE obtained mean-
while a Larmor frequency resolution of 1.8·10−6 [42],
while the Harvard group reached a precision of 1.7·10−6
[38]. For the determination of the g-factor, the cyclotron
frequency is measured by using the same principle as in
the case of the Larmor line, but with an electrical dipole
drive tuned to the modified cyclotron frequency. The
drive amplitude is chosen weak enough to avoid a sig-
nificant increase of E+, but it clearly affects the axial fre-
quency fluctuation as a function of the drive frequency.
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Figure 3 Schematic of a double Penning trap setup [21]. The sys-
tem consists of two Penning traps which are connected by trans-
port electrodes. The central ring electrode of the analysis trap is
made of ferromagnetic material. The lower graph shows the mag-
nitude of the magnetic field along the z-axis. For further details
see text.
Again ν+ is obtained from a best fit and
g/2 = 2.792 849 (25) (12)
is extracted. The precision of this value is limited by the
cyclotron frequency determination [42]. However, an-
other order of magnitude can be gained easily by more
accurate sampling of the cyclotron resonance line. This
strategy was applied by di Sciacca et al., who obtained
[38]
g/2 = 2.792 846 (7). (13)
By further improvement of the experimental setups the
results of the statistical detection method may be im-
proved by another order of magnitude, but as a matter
of principle a limit is set by the strong magnetic bot-
tle which produces an unavoidable line-width. To reach
even higher precision, a group at Mainz developed the
elegant double-trap method [43], in which the precision
frequency measurements and the detection of the spin
state are separated to two traps: a precision trap (PT)
with a very homogeneous magnetic field, and an analysis
trap (AT) with the strong superimposed magnetic inho-
mogeneity. Such a setup is shown in Fig. 3. The two traps
are connected by transport electrodes. Voltage ramps ap-
plied to these electrodes are used to shuttle the parti-
cle between the traps. A magnetic moment measurement
starts with the determination of the spin state in the anal-
ysis trap. Subsequently the particle is transported to the
precision trap, where the cyclotron frequency is mea-
sured, while a spin flip drive is injected to the trap. After-
wards the particle is transferred back to the AT and the
spin state is analyzed again. This measuring sequence is
very similar to the g -factor measurement which has al-
ready been described above, with one major difference:
Spin flips are driven in a magnetic field which is about a
factor of 100000 more homogeneous than in the analysis
trap. This reduces the line-shape dramatically and boosts
experimental precision. This method has been applied
successfully in experiments for the high precision deter-
mination of the magnetic moment of the electron bound
to hydrogen-like ions [44, 45], for precise tests of bound
state quantum electrodynamics. In these experiments
precisions at the level of 0.5 ppb were achieved. The suc-
cessful application of this method to measure the mag-
netic moment of the antiproton would provide a 1000-
fold improved test of the CPT symmetry with baryons.
To apply this technique, single spin flip resolution
is required, i. e., it is crucial to clearly identify the spin
eigenstate of the particle in the analysis trap. So far this
was not possible due to the limited axial frequency sta-
bility, but recently important progress towards a first ap-
plication of this technique has been reported [46]: sin-
gle spin flips were clearly resolved for the first time with
a significantly improved apparatus and the application
of an elegant Bayesian analysis. The spin state of a sin-
gle trapped proton was identified with a fidelity of about
90 %. Based on these results BASE demonstrated the ap-
plication of the double Penning-trap method [47] for the
first time, which paves a path to measure the magnetic
moment of both, the proton and the antiproton, with
ppb precision.
4 Precision Spectroscopy of Antihydrogen
4.1 H synthesis and manipulation
Synthesis of antihydrogen (H) atoms has been inten-
sively studied in the last decades [48, 49] to make strin-
gent tests of the CPT symmetry via high precision
spectroscopy either of the 1S-2S transition [50, 51] or
of ground state hyperfine transitions [52–54]. Recently,
studies on the gravitational interaction of antimatter (H)
and matter (the earth), the so-called weak-equivalence
principle, were also proposed [55, 56]. The cold antihy-
drogen research celebrated the first milestone in 2002,
when ATHENA and ATRAP successfully synthesized cold
H atoms in a uniform magnetic field [57,58]. Both groups
aimed for 1S-2S high precision laser spectroscopy, and
accordingly the next critical step was to prepare ultra-
cold H atoms (< 1 K) in the low-field-seeking states
and to trap them in the Ioffe-Pritchard trap or a vari-
ant of it having minimum B field configurations [59, 60].
H atoms were not really controlled, and the synthesis
was only confirmed by annihilation signals, i.e., it was a
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Figure 4 Frequency diagram of 1S-2S and ground state hyperfine
transitions together with the variation of hyperfine levels as a
function of magnetic field.
kind of archaeological approach, which confirmed that H
atoms existed some time before the detection of their an-
nihilation. After several years of experimental develop-
ments, ALPHA realized the second milestone in 2010, the
success of trapping 39 Hs [61]. Just one month later, the
ASACUSA-CUSP group reported on the successful syn-
thesis of H atoms in a non-uniform magnetic field, a so-
called cusp trap, which was a major step to extract an H
beam to a field-free region for high precision microwave
spectroscopy. This is essential for high resolution mi-
crowave spectroscopy of H hyperfine transitions [62] (see
Sec 4.2). In 2011, ALPHA succeeded in trapping anti-
hydrogen atoms for more than 1000s [63]. In presence
of a magnetic field, the ground state hyperfine levels of
H/H split into four sub-states, as shown in Fig. 4. Two
of them become higher with increasing magnetic field,
i.e., they are attracted towards lower magnetic fields, and
are named as low-field seeking (LFS) states. The other
two levels are lowered, i.e., they are attracted towards
high magnetic fields, and are named high-field seeking
(HFS) states. Figure 4 also shows, that the potential en-
ergy corresponding to the magnetic field difference of
0.2 T amounts to ∼3GHz. In other words, even for a mag-
netic trap with a magnetic field difference of 1 T, the trap
depth is only about 0.7 K (∼ 14GHz).
4.2 Cusp trap scheme to extract H for microwave
spectroscopy
For high resolution microwave spectroscopy, a weak and
uniform magnetic field is essential. In order to make
Sextupole
Magnet
Microwave 
Cavity H Det.
p
e+
Cusp trap
Figure 5 A conceptual experimental setup for the ground-state
hyperfine transitionmeasurements ofH atoms with the cusp trap
(see the text for more details).
this practically feasible, a potential scheme had been
invented employing a pair of anti-Helmholtz coils [52],
which is called the cusp trap scheme. This opens for
the first time a path to realize high precision microwave
spectroscopy of antihydrogen ground state hyperfine
transitions [52, 62]. Figure 5 shows a conceptual drawing
of the experimental setup, which consists of the unique
cusp trap (the combination of superconducting anti-
Helmholtz coils and a stack of multiple ring electrodes
(MRE)), a microwave cavity, a sextupole magnet, and an
H detector. The cusp trap provides the minimum B field
configuration still maintaining axially symmetric mag-
netic and electric fields, which enables stable manipu-
lation of both ps and e+s such as trapping, cooling, com-
pression, and mixing [64, 65]. Further, once H atoms are
formed by mixing p and e+ in the cusp trap, H atoms in
low-field-seeking (LFS) states are preferentially focused
along the cusp trap axis whereas those in high-field-
seeking (HFS) states are strongly defocused, resulting in
the formation of an intensity-enhanced spin-polarized H
beam [52]. The microwave cavity is installed downstream
of the cusp trap along the beam line in a weak, highly
uniform magnetic field, which is carefully shielded from
parasitic stray fields. A preliminary simulation revealed
that the spin-polarization of a 50 K H beam amounts to
about 30 % [66]. The microwave induces hyperfine tran-
sitions from LFS to HFS states when the microwave fre-
quency matches with one of transition frequencies. The
sextupole magnet sorts out H atoms in HFS states from
those in LFS states. By recording the antihydrogen signal
as a function of the drive frequency applied to the mi-
crowave cavity, the hyperfine structure becomes acces-
sible. Figure 6(a) schematically shows the central part of
the setup. It consists of the p catching trap [67], the e+
accumulator, the cusp trap, and the 3D track detector to
monitor p/H annihilation near the cusp trap.
Antiprotons of 5.3 MeV from the Antiproton Deceler-
ator (AD) at CERN are extracted into the ASACUSA
area, slowed down to ∼120 keV by a radio frequency
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Figure 6 (a) A schematic drawing of the present experimental
setup, which consists of the p (p) catching trap, the compact
positron (e+) accumulator, the cusp trap for H synthesis, the 3D
track detector, and the H detector downstream of the cusp trap.
(b) The central part of the cusp trap, which consists of a super-
conducting solenoid coils, a cryogenic UHV bore tube, and an MRE
installed in the bore tube.
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Figure 7 The number of field-ionized antihydrogen atoms accu-
mulated in the field ionization trap. For thismeasurement the trap
was opened every 5 s.
quadrupole decelerator (RFQD). Subsequently they are
injected into the p catching trap. Typically, ∼ 106ps are
accumulated and electron-cooled. The p cloud is then
radially compressed [68] which ensures efficient parti-
cle transfer to the cusp trap. Figure 6(b) shows the cen-
tral part of the cusp trap structure, which consists of su-
perconducting coils (Bmax=2.7 T), a UHV cryogenic bore
tube (6K), an MRE at the center of the coils. Figure 7
shows an example of the H intensity variation since the
start of the mixture of 3 ×105ps in 3 ×106 positrons [62].
The number increased in the first 30 s and then slowly
decreased in the next 80 s yielding totally 70 events per
mixture. The total number of H atoms in high Rydberg
states was estimated to be about 7 × 103 per mixture.
As already mentioned in section 2.2, from a measure-
ment of the ground state hyperfine transition frequency
at the ppm level together with an independent measure-
ment of the magnetic moment of the antiproton at the
same level (see section 3.2), constraints on antiproton
substructure are obtained.
4.3 H trapping for 1S-2S spectroscopy
In contrast to the beam concept applied in ASACUSA,
ALPHA and ATRAP plan to perform spectroscopy with
trapped antihydrogen atoms. Figure 8 (a) schematically
shows the central part of the ALPHA setup used to syn-
thesize and trap H atoms [61]. The octupole coil provides
a strong magnetic field gradient in the radial direction,
and the pair of mirror coils produce a field gradient in
the axial direction. A magnetic bottle is formed by the
combination of these fields, which is an Ioffe-Pritchard
type trap but employing an octupole coil instead of a
usually used quadrupole. The magnetic field difference
is about 0.7T, which can trap antihydrogen at tempera-
tures up to 0.5 K. It is noted that the azimuthal unifor-
mity of the usual Ioffe-Pritchard trap near the magnetic
field axis is poor, which results in an instability in stor-
ing ps and positrons, the ingredients of antihydrogen. In
order to match the interaction energy of ps and e+ sen-
sitively, so that potentially colder antihydrogen is syn-
thesized, a so-called auto-resonance scheme had been
employed. This can exclusively induce a center of mass
motion, which doesn’t affect the internal temperature of
the p cloud [69].
When the antihydrogen synthesis reactions are more
or less over (about 1s after the mixing started), ps and
positrons are cleaned up by applying voltages on the
MRE. Then, the octupole coil and the pair of mirror coils
are quenched to open the magnetic bottle. As soon as
the magnetic bottle is opened, trapped Hs are released,
if any, and annihilate hitting the inner-wall of the MRE
near the magnetic bottle. The red inverted triangles, the
blue triangles, and the green circles in Fig. 8(b) shows
such events as functions of the annihilation position
and the time of annihilation since the quench of the
magnetic bottle. Different symbols correspond to differ-
ent electric fields applied. As is seen, the annihilation
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Figure 8 (a) A schematic drawing of antihydrogen synthesis and
trapping region. The atom-trap magnets, the modular Si annihila-
tion detector and some of the Penning trap electrodes are shown.
An external solenoid (not shown) provides a 1 T magnetic field for
the Penning trap. (b) Measured t-z distribution for annihilations
obtained with no bias (circles), left bias (triangles), right bias (in-
verted triangles). The gray dots are from a numerical simulation of
antihydrogen atoms at ground state. The simulated atoms have a
maximum kinetic energy of 0.1 meV.
position did not depend on the electric field configura-
tions. The fine gray dots in Fig. 8(b) show the results of
simulation assuming antihydrogen atoms were trapped
in the magnetic bottle. Repeating such runs, totally 38
trapped antihydrogen events were identified in 335 tri-
als. The ATRAP collaboration also reported on successful
trapping of H [70].
The next step is to laser-cool trapped Hs and to make
laser spectroscopy. The Zeeman broadening due to mag-
netic field distribution in a magnetic bottle affects the
spectroscopic resolution, which could amount to as high
as 106 Hz. Donnan et al. reported that Hs can be cooled
just by a one directional pulsed laser as low as 20 mK
[71], which would improve resolution. Recently, hyper-
fine transitions of H trapped in a magnetic bottle have
been successfully induced by a microwave drive in the
right frequency range [72].
5 summary
In this article a brief motivation on tests of the CPT sym-
metry and their significance in physics was given. Partic-
ularly the experimental progress on tests with p and H
was reviewed. Penning trap based experiments to mea-
sure the magnetic moments of a single proton and an an-
tiproton have recently become possible, and in pream-
ble experiments a precision in the order of 10−6 was
achieved. The recently resolved single proton spin flips,
and the first demonstration of the double Penning trap
technique with a single proton are a major step towards
another factor of 1000 improvement.
A cusp trap scheme for the efficient extraction of a
spin-polarized H beam to a magnetic-field-free region
has been developed. In the cusp antihydrogen atoms
were synthesized successfully. This development allows
for the first time a high precision ground state hyper-
fine spectroscopy of H. By combining these quantities,
constraints on the internal structure (magnetization dis-
tribution) of p are obtained, which constitutes another
stringent test of the CPT symmetry. Successful trapping
of H in a magnetic bottle has been demonstrated re-
cently, which will soon allow first laser spectroscopy of
the 1S-2S transition of antihydrogen atoms. Further cool-
ing of trapped antihydrogen atoms would become an
important issue to realize high resolution spectroscopy.
Cold H research is now at a stage where first experi-
ments to precisely investigate fundamental symmetries
can start.
Key words. CPT symmetry, Antimatter, Fundamental Interactions.
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An observation of the 1S-3S and 1S-3D two-photon transi-
tions in an atomic hydrogen beam using direct frequency-
comb spectroscopy in a Doppler-free arrangement is re-
ported. The measurements of these transition frequencies
may be used for an improved determination of the Ryd-
berg constant and the 1S Lamb shift and could shed light on
the current discrepancy in the determination of the proton
charge radius. Concurrently, a frequency comb well-suited
for high-precision, Doppler-free spectroscopy in the deep ul-
traviolet (DUV) wavelength region is demonstrated.
1 Introduction
High-precision spectroscopy on simple atomic systems
provides a powerful test of Quantum Electrodynamics
(QED) since the energy levels of these systems can be
calculated with high accuracy and compared with exper-
iment. Two important parameters enter the theoretical
description; the root-mean-square (rms) proton charge
radius and the Rydberg constant. Assuming QED calcu-
lations are correct, these parameters can be determined
if at least two transition frequencies in hydrogen or a
hydrogen-like system are measured and therefore any
additional measurements test the internal consistency of
QED.
The 1S-2S two-photon transition frequency has long
been known with the highest accuracy of any in hydro-
gen [1]. Therefore the conventional way to analyze the
spectroscopic data has been to combine this frequency
with other measured transitions that use the metastable
2S state as the ground state [2]. A more accurate way to
determine the parameters entering the theoretical cal-
culations became possible by using spectroscopic data
from muonic hydrogen recently obtained by Pohl and
co-workers [3, 4]. However, from these measurements it
was found that the values for the proton charge radius
and the Rydberg constant disagree from those obtained
only with ordinary hydrogen by 4 combined standard de-
viations [4]. Moreover, the CODATA value, which takes
elastic electron-scattering data into account, disagrees
with the value obtained from muonic hydrogen by 7
combined standard deviations [5].
In general, the electron scattering experiments could
provide a valuable and independent source of informa-
tion on the proton size radius. Recent electron-scattering
experiments performed at the Mainz Microtron MAMI
[6] provide a value with an uncertainty of 1 % for the
proton charge radius, which is in agreement with spec-
troscopic data of hydrogen. However, a reanalysis of the
Mainz data [7] reveals a rms proton charge radius, which
is consistent with the 10 times more accurate value de-
duced from the 2S-2P Lamb shift in muonic hydrogen
measured by Pohl and co-workers [3]. Therefore, when
considered together, the electron scattering data pro-
vides little insight into the discrepancy in the spectro-
scopic data. The energy levels of muonic hydrogen are
∼ 107 times more sensitive to the proton charge radius
so it seems unlikely that systematic effects in the muonic
hydrogen data can explain the inconsistency. Some pos-
sible causes could be systematic effects overlooked in hy-
drogen measurements from the 2S ground state, or a lim-
itation of QED. Therefore, high precision spectroscopy of
hydrogen is currently very compelling.
The hydrogen spectroscopy from the 2S state to
higher lying nS/D states has so far suffered from low 2S
ground state population, high sensitivity to electric fields
and velocity dependent systematic effects, since these
measurements were carried out at room temperature. To
circumvent these difficulties the Paris group has devised
an experiment to measure the 1S-3S transition in hydro-
gen at 205 nm using a cw laser [8]. Conversely, we have
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proposed using a 205 nm frequency comb and direct fre-
quency comb spectroscopy (DFCS), which allows us to
measure the 1S-3S as well as the 1S-3D transitions. The
usability of a nonlinearly converted mode-locked laser
for spectroscopy in the DUV wavelength region was first
demonstrated by S. Witte on a two-photon transition at
212 nm in krypton using a Ramsey-type quantum inter-
ference scheme [9]. In this article, we report on the first
observation of the 1S-3S and 1S-3D two-photon transi-
tions in an atomic hydrogen beam at room temperature
through DFCS in a Doppler-free arrangement.
It is difficult to produce cw radiation at 205 nm us-
ing nonlinear techniques because two limiting effects
are observed; photochemical reactions on the nonlinear
crystal faces and the photo-refractive effect [10]. How-
ever, a mode-locked laser, which can be described as
a frequency comb source, offers a major experimental
advantage. It features a high peak intensity and there-
fore greater nonlinear interactions and does not induce
the photo-refractive effect. Thus, a deep ultraviolet fre-
quency comb can, in general, be generated more effi-
ciently than cw radiation. As an aside, using a KBBF crys-
tal, which is capable for SHG down to 177 nm [11], two-
photon transitions from the 1S ground state to higher
nS/D states with n > 3 could be studied using a tech-
nique very similar to the one described here.
2 Direct Frequency Comb Spectroscopy
A pulse train emitted by a mode-locked laser is rep-
resented in the frequency domain by a comb of regu-
larly spaced narrow frequency modes. The frequencies
of these comb modes can be expressed as ωm = ω′ +
mωr , where ω′ is the frequency of a single selected mode
nearest to half the transition frequency, ωr is the repeti-
tion rate of the laser and m an integer number [12]. To
drive a two-photon transition with a frequency comb,
the modes add pairwise to produce the transition en-
ergy ωeg as shown in Fig. 1. By tuning ω′ to half the
transition frequency ωeg /2, all mode pairs which satisfy
the relation ωeg = ωm + ω−m contribute to the excitation
rate. The same applies if the two-photon transition oc-
curs exactly between two comb modes thus the signal
repeats with half the repetition rate when scanning ω′.
For Fourier-limited pulses, all frequency modes are prop-
erly phased and the excitation paths add up coherently.
In this way, a pulsed laser drives a two-photon transi-
tion as efficiently as a cw laser and the width of a single
frequency comb mode serves an analogous function to
the cw laser linewidth in a determination of the achiev-
able resolution [13–15]. Using chirped pulses for two-
Figure 1 (online color at: www.ann-phys.org) Left: spectral enve-
lope of the frequency comb used for two-photon excitation of the
transition at ωeg . One of the modes, ω′ is picked to measure the
detuning ω, of which only values modulo ωr are known with-
out additional information. Right: on resonance (ω = 0) pair-
wise addition of properly phased modes provides an efficient ex-
citation of the atoms.
photon spectroscopy, though, will reduce the excitation
rate but will not shift the center of the two-photon tran-
sition lines [16]. Furthermore, the AC-Stark shift is de-
termined by the average power rather than by the peak
power [17].
When driving a two-photon transition with a pulsed
laser, the narrow Doppler-free signal originates from the
region where two counter-propagating pulses overlap.
This limits the interaction time of the atoms with the
laser to the time-of-flight through the pulse overlap re-
gion. For collinear excitation this time-of-flight is given
by the length of the pulse collision volume divided by the
speed of the atoms, while for perpendicular excitation it
is determined by the laser waist size. The finite interac-
tion time gives rise to time-of-flight broadening, unless
trapped ions or cold atoms are used. In the frequency
domain, this effect may be described as residual Doppler
broadening, since the Doppler shifts of the exciting comb
lines do not cancel entirely away from ω′.
3 Experimental Setup
To produce a frequency comb at 205 nm wavelength,
we frequency quadruple a mode-locked Ti:sapphire laser
operating at 820 nm wavelength (Tsunami, Spectra
Physics) as shown in Fig. 2. While this system was de-
scribed in more detail elsewhere [18], here it is used
with minor modifications. The Ti:sapphire laser provides
Fourier-limited pulses of 1.3 ps pulse duration at 82 MHz
repetition frequency with an average output power of
1.8 W. Around 10% of the output power is used to stabi-
lize the laser to an external Fabry-Perot cavity (FPC) uti-
lizing the radio-frequency (rf) side band technique [19].
A double-pass AOM in front of the FPC tunes the laser
frequencies in order to scan over the hydrogen transition.
This technique provides a stable frequency comb but
no absolute frequency reference. The main part of the
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Figure 2 (online color at: www.ann-phys.org) Ex-
perimental setup for direct frequency comb spec-
troscopy of 1S-3S two-photon transition in hydro-
gen at 205 nm. AOM: acousto-optic modulator,
PD: photo diode, PMT: photomultiplier tube, L1,
L2, L3 and L4: mode matching lenses, IF: interfer-
ence filter.
output power at 820 nm is mode matched into an
enhancement cavity housing a LBO nonlinear crystal
for resonantly enhanced second harmonic generation
(SHG) at 410 nm. The 5 mm long crystal is anti-reflective
(AR) coated for 820 nm and 410 nm wavelength and is cut
at θ = 90 deg and φ = 29.6 deg for type I phase match-
ing. The four mirror resonator length was chosen to fil-
ter every other comb mode out of the incident spectrum,
i.e. its free spectral range (FSR) is twice the repetition
rate of the mode-locked laser. In this way, we sacrifice
half the incident laser power for larger FSR, which makes
the resonator less sensitive to residual acoustic vibra-
tions which cannot be compensated by the servo system
and thus improves stability. Despite the lower circulating
power, the SHG cavity is conversion loss dominated and
we find experimentally that an input coupler with 94.8 %
reflectivity is close to optimum for proper impedance
matching. In this configuration, a conversion efficiency
of 58 % can be achieved providing around 380 mW aver-
age power at 410 nm.
In the second conversion stage a BBO crystal is used
to generate 205 nm light. The phase matching angle for
this process is close to the cut-off. By cooling the 2 mm
thin crystal to −10◦ C the phase matching cut-off is
shifted to shorter wavelengths, which increases the non-
linear interaction. To avoid water condensation and pho-
tochemical reactions, the crystal is purged with a con-
stant flow of dry oxygen away from the crystal surfaces.
Despite cooling, the phase matching angle of BBO for
SHG at 205 nm, θ = 86.4 deg, is very close to the cut-
off and the single pass conversion efficiency suffers. Us-
ing a similar enhancement cavity as is used in the first
SHG stage, a conversion efficiency of around 3 % can be
achieved providing 10 mW to 15 mW of output power
at 205 nm, which is one order-of-magnitude higher than
what has been achieved in cw regime [10].
The spectroscopy is carried out in an atomic beam
formed by an aluminum nozzle. Atomic hydrogen is ob-
tained by dissociating H2 molecules in a rf discharge.
A Teflon tube is used to guide the hydrogen atoms to
the aluminum nozzle and the atoms leave the nozzle
through two opposing orifices of 1 mm diameter. A lin-
ear enhancement resonator for the 205 nm frequency
comb is constructed with two focusing mirrors such that
the resonant radiation passes through the two orifices
of the nozzle. The radius of curvature of the mirrors is
500 mm and with an FSR of 164 MHz this generates a
95 μm beam radius at the center of the cavity. With a re-
flectivity of 98 % and 93 % of the high reflective and input
coupling mirror respectively, a power enhancement of 10
can be achieved. This provides around 100 mW of aver-
age power inside the spectroscopy resonator.
A delay arm utilizing a polarizing beam splitter cube
in front of the spectrometer is used to produce two
counter-propagating pulses in the cavity with orthogo-
nal linear polarizations π/σ . A quarter-wave plate be-
tween the delay arm and the spectroscopy cavity alters
the polarization to σ+/σ− which provides a more effi-
cient excitation of the 1S-3S lines than with π/σ polar-
ized light. This setup also allows to control the overlap
positions of the pulses within the cavity by adjusting the
delay length. For delays = tr/2, where tr is the time be-
tween two sequential pulses, there are two pulse colli-
sion points inside the resonator. By adjusting the delay
to tr/2 the pulse collision points overlap at the center of
the spectroscopy resonator and the pulse repetition rate
C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3www.ann-phys.org
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Figure 3 (online color at: www.ann-phys.org)
Top: Level diagram showing the allowed transi-
tions for σ+/σ− polarized light, according to the
two-photon selection rules [20]. Bottom: Spec-
trum obtained by direct frequency comb spec-
troscopy of hydrogen at 205 nmwavelength with
σ+/σ− polarized light. The frequency range is
less than the full repetition rate so only 7 of 8
allowed transitions are observed. Full circles: ex-
perimental data, solid line: simulated spectrum.
as seen by the atoms is effectively doubled to 328 MHz.
In this region collinear Doppler-free excitation of the
1S-3S transition takes place by means of absorption of
two counter-propagating photons.
The excited 3S state decays via the 2P state emitting
two subsequent fluorescence photons, a Balmer H − α at
656 nm and a Lyman Ly − α at 121 nm. A multi-mode
fiber bundle (7 fibers, usable area of 83 %) is placed
near the pulse collision position (≈ 0.5 mm distance) and
collects the fluorescent 656 nm photons with no addi-
tional collection optics. This fiber bundle then transfers
the radiation outside of the vacuum chamber. A tele-
scope consisting of two f = 25 mm lenses images the flu-
orescence onto the cathode of a photon counting head
(H10682-01, Hamamatsu) while a narrow bandwidth in-
terference filter (FWHM: 1.5 nm) suppresses background
light.
When using a pulsed laser for two-photon spec-
troscopy, all allowed transitions covered by the laser
bandwidth are addressed. With a laser bandwidth of
140 GHz the 1S - 3D3/2 and 1S - 3D5/2 transitions, which
lie 3 GHz and 4 GHz respectively above the 3S state, are
also excited. Due to the nuclear spin of 1/2 all states split
into two hyperfine components. According to the two-
photon selection rules, transitions with |F| ≤ 2 are al-
lowed with the exception of F : 0 ↔ 1 which are forbid-
den [20]. This gives eight allowed components (see upper
part of Fig. 3) which are excited as ω′ is scanned and their
spacings appear modulo the repetition rate.
4 Results and Discussion
The two-photon signal is recorded while shifting the
comb spectrum in 1 MHz steps in order to scan over the
atomic transition. For each frequency setting the PMT
signal is integrated for 1 s. Fig. 3 shows an averaged spec-
trum over 15 individual scans (full circles) recorded at
room temperature and a simulated spectrum taking time
of flight broadening, quenching in stray electric fields
and Zeeman splitting in stray magnetic fields into ac-
count (solid line). The frequency range in these plots is
less than the full repetition rate so only 7 of 8 transi-
tions are observed. For hydrogen atoms traveling with
2200 m/s through the 0.35 mm pulse collision volume,
the time-of-flight broadening amounts to ≈ 4.5 MHz.
This effect leads to a broadening of the 1S-3S lines from
1 MHz natural width to ≈ 4.6 MHz and of the 1S-3D
from 10 MHz natural width to ≈ 11 MHz. However, in
the recorded spectrum the 1S-3D linewidths are mea-
sured to be around 20 MHz. This might be explained by
mixing of the 3D3/2 and the 3P3/2 states through a resid-
ual electric field [21]. As the electric field strength ap-
proaches a critical value of Ec = 1.9 V/cm the linewidth
of the 3D3/2 and the 3P3/2 state saturates to 19.9 MHz
for E > Ec. Considering photoelectron emission upon
absorption of 205 nm light of the nozzle material, stray
fields at the level of 2 V/cm in our interaction region
are likely. In order to broaden the 1S − 3S lines by a
factor of 2, electric fields of about 12 V/cm would be
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necessary. Splitting of the states with F = 0 in a stray
magnetic field leads to an additional broadening of the
lines. In the experiment stray magnetic fields on the or-
der of 0.1 mT could be measured in our interaction re-
gion, which broadens the 3D5/2 lines to around 20 MHz.
For absolute frequency measurements, the interaction
volume will need to be shielded against stray electric and
magnetic fields to avoid these broadening and shifting
mechanisms.
Fitting a theoretical curve to the experimental data
with line centers, widths and amplitudes as free param-
eters allows a determination of the line center of the
1S1/2(F=1)-3S1/2(F=1) transition (b) with an statistical
uncertainty of 36 kHz. To improve the accuracy, in the
future we can utilize a liquid helium flow cryostat to cool
the atoms to 5.8 K. This will reduce time-of-flight broad-
ening by a factor 7 below the natural linewidth and the
remaining second-order Doppler shift by a factor 50 to
2 kHz.
For an absolute frequency measurement, the laser
frequency of the probe laser needs to be linked to a fre-
quency standard. For this purpose we plan to coherently
phase lock the ps Ti:sapphire laser to a cavity-stabilized
cw laser diode. This diode laser will, in turn, be refer-
enced to a hydrogen maser via a fiber-laser frequency
comb.
5 Conclusion
To conclude, we present the observation of the 1S-3S
and 1S-3D two-photon transitions at 205 nm by means
of Doppler-free direct frequency comb spectroscopy
using a mode-locked ps laser. Through this we also
demonstrate the suitability of a nonlinearly converted
frequency comb for high-precision two-photon spec-
troscopy. A precise measurement would provide valuable
information to the proton charge radius puzzle which
arose from the 2S-2P Lamb shift measurement in muonic
hydrogen [4].
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